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ABSTRACT OF DISSERTATION

BIOLOGICAL SELENIUM CONTROL: SELENIUM REDUCTION BY SHIGELLA
FERGUSONII STRAIN TB42616 AND PANTOEA VAGANS STRAIN EWB32213-2 IN
BIOREACTOR SYSTEMS

Se(VI) and Se(IV), as the two major species of selenium in water, are toxic to
aquatic lives and may cause adverse health effects to humans at high levels. Biological
reduction of Se(VI) is a two-stage process first from Se(VI) to Se(IV) and then from
Se(IV) to Se(0) with potential accumulation of the more toxic Se(IV) due to the slower
rate of the second stage.
Selenium reduction was first evaluated with batch cultures of Shigella fergusonii
strain TB42616 (TB) and Pantoea vagans strain EWB32213-2 (EWB) isolated in our
laboratory from sludge and coal slurry sediment samples, respectively. In order to
facilitate Se(VI) reduction and reduce Se(IV) accumulation, the Se(VI)-reducing strain
TB was co-cultured with a Se(IV)-reducing strain EWB. Although Se(VI) reduction rate
was not affected, Se(IV) reduction was significantly enhanced with low Se(IV)
accumulation in the defined co-culture. Effects of culture composition as well as nitrate
and arsenate on Se(VI) reduction were also investigated. A co-culture composition of
10:1 (EWB:TB) ratio was observed to achieve the best total selenium reduction. In
addition, nitrate at 50 mg/L was observed to inhibit Se(IV) reduction but not Se(VI)
reduction, while arsenate at 200 mg/L exhibited slight inhibition on both Se(VI) and
Se(IV) reduction.
Biokinetic parameters were optimized with a Monod-type kinetic model using
batch pure culture data through the Robust Global Optimization Algorithm embedded in
a computer package. Se(VI) reduction by the defined co-culture was then simulated and
verified over a range of culture compositions and initial Se(VI) concentrations,
respectively. An inter-species inhibition term was incorporated into the model to illustrate
the competition for Se(IV) during Se(VI) reduction in the co-culture. The model showed
a significant increase of Se(IV) accumulation with higher initial Se(VI) concentration.
However, Se(IV) accumulation can be reduced with increasing population ratio of EWB
to TB in the defined co-culture. The relatively high correlation coefficients suggested that
the model was robust and applicable in simulating Se(VI) reduction by the defined coculture.
Since activated alumina was reported to be more effective for Se(IV) adsorption
than Se(VI), the effect of biological activities on selenium removal was investigated

using continuous-flow reactors packed with alum-impregnated activated alumina (AIAA)
and cultured with a Se(VI)-reducing strain TB under various influent Se(VI)
concentrations and hydraulic retention times (HRTs). A selenium removal efficiency of
92% was achieved in a bioreactor with initial biomass of 2.2×106 cells/g-AIAA after a
70-day operation period. Little improvement was observed by lowering the influent
Se(VI) concentration from 50 to 10 mg/L while the removal efficiency was significantly
enhanced by either extending the hydraulic retention time from 3.2 to 5.0 days or
increasing the attached biomass during the startup. An increase in mass ratios of Se(VI)
reduction by immobilized cells to adsorption by AIAA was also observed with increasing
cell mass during the operation.
Se(VI) reduction using continuous-flow reactors packed with strain TB
immobilized Ca2+-alginate beads was investigated under various hydraulic retention
times (HRT) and influent Se(VI) concentrations. A high removal efficiency up to 98.7%
was achieved under an HRT of 5 days and an influent Se(VI) concentration of 400 mg/L.
The results showed that the overall selenium removal was positively correlated to the bed
height of the reactor and the HRT but not related to the influent Se(VI) concentration.
The steady state was analyzed using a mathematical model based on Monod-type
equations with four biokinetic parameters optimized including the half-velocity constants
and maximum specific reduction rates. The relatively high correlation coefficients
indicate that the model is robust and valid to simulate Se(VI) reduction in the gel-beadspacked continuous-flow system.
KEYWORDS: Selenium reduction; Bioremediation; Bioreactor; Biomass; Activated
alumina; Immobilized cells.
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CHAPTER 1.

INTRODUCTION

1.1

Background

Selenium is a nonmetallic element naturally found in rocks and soils. Selenium has
four oxidation states including selenate (Se(VI)), selenite (Se(IV)), elemental selenium
(Se(0)), and selenide (Se(-II)) with two primary soluble forms in Se(VI) and Se(IV)
(Geering et al. 1968). Although beneficial at low dosage, selenium overdose is hazardous
and may cause cytotoxicity, genotoxicity, and carcinogenesis to human beings (Agency
for Toxic Substances and Disease Registry 2003). In addition, high concentrations of
selenium can also aggravate the toxicity of co-contaminants such as mercury and arsenic
(Zwolak and Zaporowska 2012; Bjørklund et al. 2017). Selenium at high levels may also
harm the aquatic biota, particularly oviparous vertebrates, due to its ecotoxicity (Janz et
al. 2010; Young et al. 2010). Its adverse health effects on aquatic birds and fish include
impaired reproduction, cataracts, pathological alteration and deformities, anemia,
histopathological lesions, and reduced growth due to the oxidative stress of selenium
(Spallholz and Hoffman 2002; Lemly 2002b; Zwolak and Zaporowska 2012).
Furthermore, selenium is poorly adsorbed by soil and sediments and its toxicity may be
biomagnified via the food chain (Hamilton 2004). As a result, the US Environmental
Protection Agency (USEPA) (2016) regulates its concentrations to 3.1 μg/L in lotic water
and 1.5 μg/L in lentic water in order to protect aquatic lives.
1

Selenium is released into the environment from both natural and anthropogenic
sources. Approximately 76,000-88,000 tonnes/year of selenium was released globally
through anthropogenic activities compared with 4,500 tonnes/year by natural release
(Fordyce 2012). Industrial activities linked to selenium discharge include fuel
combustion, electronics manufacturers; the glass industry; pigments used in plastics and
paints; catalyst in pharmaceuticals preparation; fungicides production; and antidandruff
shampoos manufacturers (USEPA 2000).
Both Se(VI) and Se(IV) can be reduced by biological activities through serving as
the terminal electron acceptors that are energetically favorable to support bacterial growth
(Nancharaiah and Lens 2015a). Biological reduction of Se(VI) was a two-stage process
with a faster reduction from Se(VI) to Se(IV) and then slowly to insoluble Se(0),
resulting in potential accumulation of the more toxic Se(IV) (He and Yao 2010; Yuxia Ji
and Wang 2017b; T. Siddique et al. 2007; R S Oremland et al. 1989). Unlike Se(VI)
reduction that is catalyzed by a highly selective intracellular or membrane-bound
reductase (Ser) (Stolz et al. 2006), Se(IV) reduction can be conducted through different
pathways (Nancharaiah and Lens 2015b). Recent studies also reported that biological
reduction of selenium can be achieved under methanogenic (Astratinei, van Hullebusch,
and Lens 2006), denitrifying (Subedi et al. 2017), sulfate-reducing (Luo et al. 2008), and
hydrogenotrophic (Zhao et al. 2018) conditions using a variety of electron donors such as
glucose (Yuxia Ji and Wang 2019), acetate (Macy, Lawson, and DeMoll-Decker 1993),
hydrogen (Van Ginkel et al. 2011), and NADH as well as NADPH (Khoei et al. 2017).
Se(VI) can be removed through biological reduction by a variety of species including
Escherichia coli, Shigella fergusonii, Anaeromyxobacter dehalogenans, Thauera
2

selenatis, and Sedimenticola selenatireducens (Yuxia Ji and Wang 2017b, 2019; He and
Yao 2010; Macy, Lawson, and DeMoll-Decker 1993; Narasingarao and Häggblom 2006).
Although selenium can be removed by conventional physical-chemical processes
such as adsorption, ion exchange, reverse osmosis, and zero-valent iron (Sandy and
DiSante 2010), biological reduction may provide an alternative for its control (Yao et al.
2014; Losi and Frankenberger, Jr. 1997; He and Yao 2010). Compared to physical and
chemical treatment methods, biological treatment of selenium is attractive due to its low
operation cost and low requirement of potentially hazardous chemicals (Nancharaiah and
Lens 2015b). Selenium removal using various biological processes was reported
including constructed wetland (Hansen et al. 1998), fluidized-bed reactor (FBR) (Macy,
Lawson, and DeMoll-Decker 1993), continuous stirred-tank reactor (CSTR) (Fujita et al.
2002), and aerobic jar fermenter (Kagami et al. 2013) with the removal efficiency ranged
from 70%-99%. Se(VI) removal by an H2-based membrane biofilm reactor was
previously reported by Chung et al. (2006) with a removal efficiency of 94% at influent
Se(VI) levels up to 1 mg/L. More recently, Ji et al. (2019) reported the significance of
immobilized biomass on selenium removal by an activated alumina packed bioreactor.

1.2

Objectives of the Thesis

Although Se(IV) is more toxic than Se(VI), very little attention has been paid to
Se(IV) accumulation in bioreactors mainly due to a limited understanding on the kinetics
of Se(VI) reduction by biological activities. In addition, scant information can be found
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regarding Se(VI) reduction by bioreactors with immobilized bacterial cells. Therefore,
the overall objective of this thesis was to investigate selenium control through biological
reduction of Se(VI) to Se(0). The specific aims were:
1. To isolate and identify selenium-reducing bacterial strains.
2. To evaluate the potential for selenium reduction by the isolated selenium-reducing
strains.
3. To study the kinetics of selenium reduction by the isolated strains.
4. To investigate the potential for decreasing toxic Se(IV) accumulation during
Se(VI) reduction using a defined co-culture of isolated strains in batch reactors.
5. To develop a kinetic model to simulate selenium reduction and its corresponding
capacity in a defined co-culture using the pure culture biokinetic parameters.
6. To assess the effect of biological activities on selenium removal using a
continuous-flow reactor packed with alum-impregnated activated alumina
(AIAA) with and without a selenium-reducing strain.
7. To investigate selenium reduction by an up-flow Ca2+-alginate gel beads packed
bioreactor with immobilized cells of a selenium-reducing strain.

4

1.3

Outline of the Thesis

Figure 1.1 shows a flow chart of the experimental design of this thesis. The outline of
this dissertation is subdivided into seven chapters with each elaborated an independent
topic regarding biological Se(VI) reduction in detail.
CHAPTER 1 – This chapter describes the significance of selenium bioremediation
and lists the objectives of this thesis.
CHAPTER 2 – This chapter summarizes the major findings of selenium removal in
the literature. As the threshold of the methodology, the purpose of the literature
review is to collect information as detailed as possible with respect to selenium
contamination in the environment and its current removal processes. The obtained
information is used for experimental design and model development in the
subsequent researches.
CHAPTER 3 – This chapter focuses on selenium reduction by two pure cultures of
bacterial strains isolated in our laboratory. It contains the methodology and the major
research findings of this study.
CHAPTER 4 – This chapter describes Se(VI) reduction by a defined co-culture in
batch bioreactors (Figure 1.2). It shows the methodology, main findings, and the
significance to use a defined co-culture.
CHAPTER 5 – This chapter is a following-up kinetic modeling section on selenium
reduction by pure cultures as well as the co-culture described in Chapters 4 and 5.
5

The mathematical model was based on Monod-type expressions with biokinetic
parameters optimized. The capacity of selenium reduction was also determined in
this chapter.
CHAPTER 6 – This chapter focuses on the topic of Se(VI) removal by a continuousflow reactor packed with AIAA immobilized with Shigella fergusonii strain
TB42616 (TB) (Figure 1.3). It discusses a combined process of biological reduction
and AIAA adsorption for Se(VI) removal. The chapter contains the methodology and
the research findings of this study.
CHAPTER 7 – This chapter describes the topic of Se(VI) reduction by continuousflow reactors packed with strain TB immobilized by Ca2+-alginate gel beads (Figure
1.4). It summarizes the methodology and the major findings of the finds from this
study. It also discusses the significance of immobilized cells on Se(VI) reduction.
CHAPTER 8 – This chapter discusses the engineering significance of this thesis and
the potential future works.
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Figure 1.1 Flow chart of experimental design and progression of the thesis.

7

8
Figure 1.2 Schematic of selenium reduction by a defined co-culture of Shigella fergusonii strain TB42616 and Pantoea vagans
strain EWB32213-2.

9
Figure 1.3 Schematic of selenium removal by alum-impregnated activated alumina cultured with cells of Shigella fergusonii
TB42616.

10
Figure 1.4 Schematic of selenium reduction by immobilized cells of Shigella fergusonii TB42616 in alginate gel beads .

CHAPTER 2.

LITERATURE REVIEW

2.1

Selenium in the environment

2.1.1

Selenium species

Selenium oxyanions, selenate (Se(VI)) and selenite (Se(IV)), are highly soluble
and stable, resulting in its mobility in aqueous environment. On the contrary, elemental
selenium (Se(0)) and metal selenide (Se(-II)) are less mobile due to their limited
solubility (USEPA 2000). The oxyanions of selenium, selenate and selenite, are the
predominant species in aerobic environments such as surface water while Se(0) and Se(II) are rare in nature. However, the formation of Se(0) can be discovered under anaerobic
environments which is dependent on the reducing conditions. Additionally, the colloidal
form of Se(0) is bioavailable as it can be transported in the environment (Buchs et al.
2013).
Se(-II) can be found only in extreme reducing conditions as it can be easily
oxidized. Se(-II) in nature commonly exists in the form of metal selenide and can be
observed in the rocks and sediments (Nancharaiah and Lens 2015a). Selenocysteine, as
an organic form of Se(-II), plays an important role in the metabolism of living organisms
(Stadtman 1996). H2Se, formed as an analog of H2S, is highly toxic and volatile.
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However, Se(-II) is rarely found in nature and only co-exists with sulfides such as pyrite,
chalcopyrite, and sphalerite (Lenz and Lens 2009).
2.1.2

Sources of selenium
Figure 2.1 shows the global selenium cycle in nature and illustrates that selenium

can be released into environment from both natural sources and anthropogenic activities.
Selenium cycle is complicated in nature due to its wide range of oxidation states from -II
to +VI (Nancharaiah and Lens 2015a). Selenium is cycled through atmospheric, marine,
and terrestrial systems at a global scale where marine is the primary pathway in nature
(Haygarth 1994). The terrestrial system, as the most important pathway, is directly
related to human and animal health.
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Figure 2.1 Global selenium cycle in nature (Nancharaiah and Lens 2015a).

Natural sources of selenium include volcanic eruptions, decomposition of dead
organisms, sea spray, aerial deposition, and rocks weathering (USEPA 2000). Although
natural sources of selenium are significant, anthropogenic activities are the main sources
responsible for selenium release. Selenium released from anthropogenic activities is
estimated around 76,000-88,000 tonnes/yr as compared to 4,500 tonnes/yr from natural
release, indicating of a biospheric enrichment factor of 17. This result suggests that the
cycling of selenium is significantly influenced by human activities as the value is greater
than 1 (Nriagu 1989).
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Industrial selenium release to water in the United States in 2002 in Figure 2.2
shows that most of selenium was released from electric, gas, and sanitary services.
Anthropogenic activities contributing to selenium contamination and mobilization
include coal mining and combustion, ore mining, metal smelting, municipal landfills, oil
transport, refining, glass production, pharmaceuticals preparation, and agricultural
irrigation (Fordyce 2012).
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Figure 2.2 Industrial selenium release to water in the U.S. in 2002 (Fordyce 2012).
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Coal combustion for electrical power generation is a significant source of selenium
(Lemly 2002a). Selenium is emitted from coal-fired power plants as selenium dioxide to
the atmosphere, subsequently dissolved into aqueous phase as selenate (Sandy and
DiSante 2010). The transportation of coal combustion byproducts, sluicing fly ash and
scrubber ash, to the coal slurry impoundment is the primary pathway of selenium
discharge into the aqueous environment. Leachate containing selenium may also be
formed during the washing process before combustion. These wastes may further threaten
the surface and groundwater systems if not properly disposed of. Landfilling of these
wastes may be another potential source of selenium (Lemly 2002a).
The mining of metals such as gold, silver, nickel, and phosphate by excavation can
release large amounts of selenium. Selenium observed inside the mineral matrix of ores
can be released to the environment during the extraction and processing. Runoff or
effluent containing selenium from waste rock piles, tailings impoundments, and
backfilled mining excavations is eventually discharged into aquatic environment which is
hard to control (Sandy and DiSante 2010).
Crude oil is rich in selenium due to the geological formations, resulting in a major
source of selenium release. Selenium concentrations as high as 2200 μg/L was previously
reported in crude oil (Lemly 2004). However, selenium pollution in oil refineries is
underestimated due to the toxicity of its co-contaminants such as the total suspended
solids content, polyaromatic hydrocarbon compounds, oil, and other heavy metals.
Agricultural irrigation contributes to selenium contamination in arid and semi-arid
regions (Lemly 2004). Selenium is leached with water percolation through the subsurface
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layers mainly due to the over irrigation. Accumulated salts by the crops containing
selenium may be flushed into the aquatic systems by the excess irrigation water. In
addition, the alkaline and oxidizing conditions under the soil may further result in the
mobilization of selenium into the environment (Sandy and DiSante 2010). In the United
States, 2.6 million acres of irrigated land has been recognized as potential selenium
leaching areas (Seiler, Skorupa, and Peltz 1999). An example of selenium release from
irrigation water from San Luis Drain has been shown in Table 2.1.

Table 2.1 Water compositions of irrigation waters from San Luis drain source
(Presser and Ohlendorf 1988; Sandy and DiSante 2010).
Element
Concentration, mg/L
Selenium
0.002-1.4
Sodium
30-10,500
Sulfate
48-22,500
Potassium
3.6-19
Calcium
29-765
Magnesium
9.4-705
Bicarbonate
59-397
pH
7.5-8.7
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2.2

Selenium chemistry

As previously described, selenium occurs in four oxidation states (-II, 0, +IV, +VI).
However, the form of selenium is highly dependent on the pH and redox condition due to
the thermodynamic potential. Figure 2.3 shows a Pourbaix diagram of selenium which
represents the thermodynamic stability of selenium species under different pHs and redox
potentials (Ralston, Unrine, and Wallschläger 2008). However, the speciation in the
environment may not be accurately predicted by pH and redox condition as the
thermodynamic equilibrium cannot be reached in natural systems. Although Se(IV) can
be oxidized to Se(VI) in the presence of strong oxidants leading to its instability under
oxic conditions, both Se(IV) and Se(VI) are commonly regarded stable in fresh waters
due to its slow oxidation rate and the abundance of Se(VI)-reducing bacteria in water
(Sandy and DiSante 2010).
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Figure 2.3 Selenium Pourbaix diagram (Ralston, Unrine, and Wallschläger 2008).

2.3

Selenium toxicity

2.3.1

Selenium toxicity to human beings

Symptoms caused by selenium toxicity to human beings include diarrhea, fatigue,
hair loss, joint pain, nail brittleness, nausea, headache, tingling, vomiting, fever, and
ataxia (MacFarquhar et al. 2010a). The relation between selenium and human cancer
seems to be strongly conflicting. Although selenium has been reported as an anticarcinogen due to its antioxidant properties, selenium sulfide is classified as a Group B2
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compounds which is a possible human carcinogen (Agency for Toxic Substances and
Disease Registry 2003). Among all the elements, selenium possesses the narrowest range
between supplemental (<200 μg/day) and toxic levels (>900 μg/day) (WHO 2014). There
is also evidence to show that the risks of pancreatic and skin cancer may be increased by
selenium exposure (Fordyce 2012). In addition, increased mortality was reported due to
lung cancer, melanoma, urinary cancer, and lymphoid neoplasm in populations exposed
to high levels of selenium in drinking water (Vinceti et al. 1998). Increased prostate
cancers were also reported in populations exposed to high levels of selenium in Iowa in
the United States (Moyad 2002).
Figure 2.4 shows the selenium pathways in human metabolism. It is well accepted
that reactive oxygen species (ROS) generated by excess selenium play an import role in
cytotoxicity and genotoxicity of selenium (Sun et al. 2014). It was also reported that 8hydroxydeoxyguanosine DNA adducts induced apoptosis due to the generated ROS by
selenium compounds (Stewart et al. 1999). ROS may also mediate DNA breakage in
mammalian cells, leading to chromosomal damages in human peripheral lymphocytes
(Letavayová, Vlčková, and Brozmanová 2006). In addition, Se(IV) may be more toxic
than Se(VI) as ROS is generated by the reduction of Se(IV) as shown in Figure 2.4.
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Figure 2.4 Pathways of selenium metabolism in human (Sun et al. 2014).

2.3.2

Selenium toxicity to animals

Selenium is toxic to animals particularly the aquatic wildlife, leading to huge threats
to the ecosystems. Selenium can be bioaccumulated in animals, resulting in the
magnification of its toxicity via the food web (Hamilton 2004). Selenium toxicity may
cause teratogenesis, edema, and larval mortality to fish. Teratogenesis, as the most useful
indicator of selenium toxicity, represents the sum of parental exposure of selenium
toxicosis (Janz et al. 2010). Figure 2.5 shows the lateral curvature of the spine in fish as
an example of the teratogenesis (Lemly 2002b). It is well accepted that vertebral
deformities are most fatal to fish as the swimming ability to avoid the predators is
avoided, resulting in a significant survival decrease. More importantly, population health
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is also impacted due to high mortality rates (Janz et al. 2010). Furthermore, selenium
accumulated in adult fish may cause mortality to the larvae through egg transfer, thus
causing reproductive failure. Rudolph et al. (2008) reported 100% mortality at selenium
concentrations in eggs higher than 86.3 mg/kg.

Figure 2.5 Lateral curvature of the spine in a red shiner (Lemly 2002b).

As compared to fish, reproductive impairment is regarded as the most sensitive
indicator of selenium toxicity to birds (Janz et al. 2010). Unlike fish, the hatchability of
bird eggs is significantly affected by selenium concentration. The embryonic deformity is
another endpoint of selenium toxicity to aquatic birds. Symptoms of the embryonic
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deformity include the absence of eyes, malformation beak, the reduction of the limbs
(Spallholz and Hoffman 2002).
Three mechanisms of selenium toxicity on aquatic animals were proposed by
Spallholz and Hoffman (2002). One important mechanism is related to the generation of
superoxide and oxidative stress during the formation of CH3Se- which may bind to the
important enzyme and inhibit its activity. In addition, the excess selenium may inhibit
selenium methylation metabolism, resulting in an increase in accumulated intermediate
selenium metabolite of hydrogen selenide which exhibits hepatoxicity to animals.
Furthermore, excess selenium, as an analog, may replace sulfur in sulfur-containing
enzymes and structural proteins, thus causing teratogenesis.

2.4

Selenium biochemistry

Selenium reducing bacteria are abundant in nature. Table 2.2 summarizes known
bacterial strains capable of selenium reduction reported in the literature. These strains
were isolated from a variety of sources including sediments, soil, drains, canal, etc.
Selenium oxyanions are energetically favorable to serve as the terminal electron
acceptors with free energies of -15.53 and -8.93 kcal mol-1 e- for Se(VI) and Se(IV),
respectively (Stolz et al. 2006). Figure 2.6 shows the mechanism of Se(VI) and Se(IV)
reduction by Gram-negative and Gram-positive bacteria proposed by Nanchariah and
Lens (2015b).
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Figure 2.6 Schematic diagram of Se(VI) and Se(IV) reduction by Gram-negative
and Gram-positive bacteria proposed by Nanchariah and Lens (2015b).
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Table 2.2 A summary of selenium reducing bacteria.
Microorganism
Electron Acceptor Source

Reference

Anaeromyxobacter
dehalogenans
Bacillus
arsenicoselenatis
Bacillus
selenitireducens
Bacillus subtilis
Desulfurispirillum
indicum sp. nov.
Enterobacter cloacae
SLD1a-1

Se(IV)

Undefined

Se(VI) and Se(IV)

Escherichia coli K12
Klebsiella sp.
Pantoea sp.
Pseudomonas
fluorescens
Pseudomonas stutzeri
Shigella sp.
Sulfurospirillum
barnesii
Tetrathiobacter
kashmirensis

Se(VI) and Se(IV)
Se(VI) and Se(IV)
Se(VI) and Se(IV)
Se(IV)

Water/sediment (Oremland et al.
1999)
Water/sediment (Oremland et al.
1999)
Soil
(Garbisu et al. 1996)
Estuarine canal (Rauschenbach et al.
2011)
Drain
(Losi and
Frankenberger Jr.
1997)
Undefined
(Ma et al. 2009)
Sediment
(Zhang et al. 2008)
Sediment
(Zhang et al. 2008)
Soil
(Garbisu et al. 1996)

Se(IV)
Se(IV)
Se(VI) and Se(IV)
Se(VI) and Se(IV)

Se(VI) and Se(IV)
Se(VI) and Se(IV)
Se(VI) and Se(IV)
Se(IV)

24

(He and Yao 2010)

Undefined
(Lortie et al. 1992)
Drainage water (Zhang et al. 2008)
Water/sediment (Oremland et al.
1999)
Soil
(Hunter and Manter
2008)

2.4.1

Biological Se(VI) reduction

As shown in Figure 2.6, biological reduction of Se(VI) to Se(IV) is mainly catalyzed
by an intracellular or a membrane-bound Se(VI) reductase (Ser) (Nancharaiah and Lens
2015b). Se(VI) reduction can be achieved under aerobic, microaerophilic, and anaerobic
conditions (Williams et al. 2013; Zannoni et al. 2007; Nancharaiah and Lens 2015a; Stolz
et al. 2006). The selenate reductase, Ser, is a heterotrimer comprising three heterologous
subunits including SerA (96 kDa), SerB (40 kDa), and SerC (23 kDa) (Stolz et al. 2006).
Dissimilatory Se(VI) reduction is constitutive and ubiquitous in nature although Se(VI)
levels are not high. Se(VI) reduction was observed in sediments with different salinities
ranging from 1 to 320 g/L and under different pHs from 7.1 to 9.8 (Nancharaiah and Lens
2015a). Both inorganic and organic compounds can serve as the electron acceptor for
Se(VI) reduction. The overall process of biological reduction of Se(VI) to Se(0) can be
expressed as:
𝑆𝑆𝑆𝑆𝑆𝑆42− + 2𝑒𝑒 − + 2𝐻𝐻 + → 𝑆𝑆𝑆𝑆𝑆𝑆32− + 𝐻𝐻2 𝑂𝑂

Eq. 2-1

𝑆𝑆𝑒𝑒𝑂𝑂32− + 4𝑒𝑒 − + 6𝐻𝐻 + → 𝑆𝑆𝑆𝑆 + 3𝐻𝐻2 𝑂𝑂

Eq. 2-2

The Se(VI)-reducing bacterium E. cloacae SLD1a-1 was isolated from seleniumrich waters from the San Luis Drain in California (Losi and Frankenberger, Jr. 1997). The
Se(VI) reductase is a membrane-bound trimeric complex as selenium nanosphere was not
observed intracellularly during Se(VI) reduction (Ridley et al. 2006). The Se(VI)
reductase was activated by molybdate but significantly inhibited by tungstate, indicating
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that the reductase is a molybdoenzyme. Se(VI) was reduced in the periplasm while the
reduction product, Se(0), was then expelled to the extracellular environment.
The Se(VI)-reducing strain T. selenatis is a Gram-negative bacterium isolated from
seleniferous waters of the Joaquin Valley in California. The reductase of T.selenatis
contains four subunits including a catalytic unit, an iron-sulfur protein, a heme b protein,
and a molybdenum cofactor. Unlike E. cloacae SLD1a-1, Se(0) nanoparticles were
observed within the cytoplasm as well as extracellularly. Se(VI) reduction by T. selenatis
was only inhibited by myxothiazol and 2-n-heptyl-4-hydroxyquinoline-N-oxide as the
reductase is a quinol cytochrome c oxidoreductase and a quinol dehydrogenase (Lowe et
al. 2010).
2.4.2

Biological Se(IV) reduction

Unlike Se(VI) reduction, the reduction of Se(IV) to Se(0) is broadly recognized as a
detoxification strategy by microorganisms since Se(IV) is more toxic than Se(VI) as
previously described. However, Se(VI) reduction under anaerobic respiration also occurs
in nature. Biological reduction of Se(IV) was observed under both anaerobic and aerobic
conditions by a variety of bacteria and was facilitated by various biomolecules such as
glutathione, glutaredoxin, and siderophores (Nancharaiah and Lens 2015b). In contrast to
the uniqueness of Se(VI) reductase, Se(IV) reduction can be catalyzed by various
terminal reductases including nitrite reductase, sulfite reductase, and fumarate reductase
(Nancharaiah and Lens 2015a). Different mechanisms were proposed for Se(IV)
reduction including Painter-type reactions, the thioredoxin reductase system, siderophoremediated reduction, sulfide-mediated reduction, and dissimilatory reduction (Zannoni et
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al. 2007). However, the pathway of Se(IV) reduction during Se(VI) reduction has not
been established.
The Se(IV) reductase of S. oneidensis MR-1 was recently characterized involving
fumarate reductase (FccA), and CymA but not nitrate reductase (NapA) nor nitrite
reductase (NrfA) (Li et al. 2014). Se(IV) reduction by this strain was determined as an
anaerobic respiration process as its selenite reduction-deficient mutants were not able to
grow using Fe(III), NO3-, NO2-, SO32-, Mn(IV), or fumarate as the electron acceptor.

2.5

Selenium control technologies

Selenium can be removed through physical, chemical and biological processes.
Sections 2.4.1 and 2.4.2 summarize several traditionally used treatment technologies for
removing selenium (Twidwell et al. 1999; Sandy and DiSante 2010; Tan et al. 2016).
2.5.1

Physical and chemical methods

Precipitation:
Precipitation of Se(VI) and Se(IV) is not effective due to the high solubility
regardless of the pH and temperature. However, Se(0) and Se(-II) removal is promising
via precipitation, especially for mine water treatment.
Adsorption:
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Se(IV) can be effectively removed by ferrihydrite adsorption while Se(VI) cannot.
Ferrihydrite adsorption is listed as one of the best available technologies (BAT) for
selenium removal by EPA with the optimal pH range of 4-6. However, this process
produces a large amount of sludge which is potentially hazardous. In addition, pretreatment may be required due to the interference of other anions. The priority of anions
adsorbed by ferrihydrite was reported as phosphate > silicate = As(V) > bicarbonate =
carbonate > citrate = Se(IV) > molybdate > oxalate > fluoride = Se(VI) > sulfate.
Se(IV) can also be effectively adsorbed by activated alumina (AA) with the
optimal pH range of 3-8 while Se(VI) adsorption by AA is poor. The order of selectivity
for anions is OH- > H2PO4- > F- > H2AsO4- >Se(IV) > SO42- >Se(VI) > HCO3- > Cl- >
NO3- >H3AsO3. AA can also be regenerated using 0.5% NaOH without losing adsorptive
power.
Although activated carbon is the most universally used adsorbent for organic
compounds in drinking water, neither Se(IV) nor Se(VI) can be effectively removed by
activated carbon adsorption. The removal efficiency was observed lower than 4%.
Reverse osmosis:
Reverse osmosis is widely used in inorganic compounds removal in drinking
water. Although selenium removal efficiency is high, the process is not economical due
to the high operation cost. In addition, pretreatment may be required in order to reduce
fouling. The membrane condition needs to be monitored and frequently maintained as
well. Despite the disadvantages, the removal efficiency can be achieved as high as 98%.
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Zero-valent iron (ZVI) reduction:
An important advantage of ZVI is that selenium reduction is not inhibited by the
presence of SO42-. In addition, the ferric iron formed during Se(VI) reduction may adsorb
Se(IV.) Although Se(VI) and Se(IV) can be effectively reduced, the capability in fullscale treatment at high selenium concentration has not been proven. Also, the dissolved
oxygen and other oxyanions may oxidize ZVI as well. The produced sludge may require
additional cost for disposal.
2.5.2

Biological treatment processes

Bioreactors regarding selenium removal summarized in Figure 2.7 include biological
selenium reduction (BSeR) technology, upflow anaerobic sludge blanket (USAB) reactor,
advanced biological metals removal process (ABMet), and membrane biofilm reactor
(MBfR).
BSeR:
BSeR systems consist of a series of anaerobic reactors with bacterial cells
immobilized in biofilms attached on granular activated carbon. A previous study reported
a 99% removal efficiency of BSeR with the effluent concentration of 2 μg/L using
molasses as the electron donor while other heavy metals may also be simultaneously
removed (Nancharaiah and Lens 2015b). However, the capacity of this process is still
unclear as the upper and lower limits of influent selenium concentrations were not
determined.
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USAB:
Selenium removal by USAB system was investigated under anaerobic condition
using granular sludge (Nancharaiah and Lens 2015a). This process requires a hydraulic
retention time longer than 6 hours and solids residence time longer than 10 days (Sandy
and DiSante 2010). Selenium removal efficiencies of 99% and 97% were reported under
the methanogenic and sulfate-reducing conditions, respectively (Tan et al. 2016). In
addition, the process requires a long startup period for acclimation resulting in the
difficulty in controlling the solids residence time.
ABMet:
The ABMet system, consisting of a biofilter tank, a backwash effluent tank, a wash
waste tank, and a nutrient dosage tank, uses a biofilter to remove selenium from water
(Nancharaiah and Lens 2015b). The system can remove up to 97% selenium under a high
salinity condition. However, this process requires the pretreatment to remove the
suspended solids and a periodic replacement of the filtration media. The backwash may
also be needed to wash out the excess biomass from the system (Sandy and DiSante
2010).
MBfR:
The MBfR system removes selenium from water using H2 as the electron
acceptor. A selenium removal efficiency higher than 90% was achieved at influent
concentrations ranging from 260 to 1000 μg/L. However, this process requires a
pretreatment to remove NO3- due to the inhibition caused by NO3- (Tan et al. 2016).
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Although the MBfR process is promising, no practical implementation has been reported
yet.

Figure 2.7 Treatment processes regarding biological reduction of selenium
(Nancharaiah and Lens 2015a).
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CHAPTER 3.

SELENIUM REDUCTION BY SHIGELLA FERGUSONII STRAIN TB42616 AND
PANTOEA VAGANS STRAIN EWB32213-2 IN BATCH REACTORS

3.1

Abstract

Selenium is a contaminant of concern due to its toxicity effect on aquatic lives. The
US EPA regulates its concentrations as 1.5 μg/L in lentic freshwater and 3.1 μg/L in lotic
water. High concentrations of selenium in wastewater discharged from agricultural
activities and industries including metal refining, ore mining, fossil fuel combustion, and
glass manufacturing can bring substantial risks to the local ecological system. Previous
studies on selenium reduction by pure cultures of bacteria showed that the second stage,
from Se(IV) to Se(0), was the rate-limiting step and a significant level of Se(IV) may
accumulate, especially at high levels of initial Se(VI). This study investigated the
potential for selenium reduction by pure cultures of Shigella fergusonii strain TB42616
(TB) and Pantoea vagans strains EWB32213-2 (EWB) and their optimal conditions. The
highest Se(VI) removal efficiency was observed at 40°C and pH 8 with strain TB while
the optimal conditions for Se(IV) reduction by EWB were 30°C and pH. Around 73%
Se(VI) removal was achieved by strain TB at the highest initial Se(VI) concentration of
200 mg/L within 2 days while Se(IV) removal efficiencies by the Se(IV) reducing strain
EWB ranged from 73-96%.
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3.2

Introduction

Selenium is a ubiquitous trace element widely used in industries, including mining,
coal-fired power plants, irrigated agriculture, oil refinery, pigments, metallurgy, and glass
manufacturing. Selenium compounds, particularly Se(VI) and Se(IV), released from these
sources are highly aqueous mobile and can easily contaminate both surface and ground
water due to its high solubility as well as inability to be absorbed by the soil particles
(Agency for Toxic Substances and Disease Registry 2003). It was reported that selenium
discharged from anthropogenic sources was estimated at approximate 76,000-88,000
tonnes per year globally compared with 4,500 tonnes from natural sources (Fordyce
2012).
Although selenium at supra-nutritional dose is considered as an essential nutritional
supplement, high levels of selenium may pose huge risks to both human health and the
ecosystem. It was reported that selenium compounds can be cytotoxic and even
carcinogenic at high concentrations, and Se(IV), as a more toxic form, was able to induce
DNA damage including DNA strand breaks and base damage (Letavayová, Vlčková, and
Brozmanová 2006). In aquatic environments, the capability of bioaccumulation as well as
biomagnification leads to the increasing threats of selenium to the aquatic wildlife (Lenz
and Lens 2009). As a result, the US EPA (2016) regulated the concentrations in water
quality criterion for selenium at 1.5 μg/L in lentic freshwater and 3.1 μg/L in lotic water
in 2016.
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Selenium reduction by biological activities is one of the most efficient ways for
selenium control by converting Se(VI) into the nontoxic and insoluble form of Se(0).
Previous studies indicated that microbial selenium reduction was a two-stage process,
from Se(VI) to Se(IV), and then from Se(IV) to Se(0). It was also reported that the rate of
the first stage (Se(VI) reduction) was significantly faster than that of the second stage
(Se(IV) reduction), resulting in substantial Se(IV) accumulation (Yuxia Ji and Wang
2016, 2017a). The objective of this study is to investigate Se(VI) and Se(IV) reduction by
pure cultures of a Se(VI)-reducing Shigella fergusonii strain TB42616 (TB) and a Se(IV)reducing Pantoea vagans strain EWB32213-2 (EWB) under a variety of environmental
factors including temperature, pH, and initial selenium concentrations.

3.3

3.3.1

Materials and methods

Chemicals and media

The chemically defined medium (CDM) consisted of 300 mg/L (NH4 )2 SO4, 200

mg/L CaCl4 . 2H2 O, 70 mg/L MgSO4 , 5850 mg/L NaCl, 0.6 mg/L H3 BO4 , 0.08 mg/L

CoSO4 , 0.08 mg/L CuSO4 , 0.63mg/L MnCl2 and 0.22 mg/L ZnCl2 supplemented with
3000 mg/L NaHCO3 as the pH buffer. The pH was adjusted using either 0.1N HCl or
0.1N NaOH. The nutrient broth was prepared by adding 8.0 g nutrient broth powder
(Becton Dickinson) into 1.0 L deionized distilled water. The nutrient agar was prepared
by adding 23.0 g nutrient agar powder (Becton Dickinson) into 1.0 L deionized distilled
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water. The MacConkey agar was prepared by dissolving 50.0 g MacConkey agar powder
(Becton Dickinson) into 1.0 L deionized distilled water with pH adjusted to 7.1±0.2 using
0.1N NaOH. All media were immediately autoclaved at 121°C for 15 minutes after
preparation and preserved under ambient temperature.
3.3.2

Bacterial strains

The Se(VI)-reducing strain TB was isolated from sludge samples obtained from the
aeration tank in the Town Branch Wastewater Treatment Plant in Lexington, Kentucky.
The Se(IV)-reducing strain EWB was isolated from the sediments samples obtained from
a coal slurry pond at the E.W. Brown Generating Station near Harrodsburg, Kentucky.
The streak method was applied to purify the bacterial strains as discussed previously by Ji
and Wang (2016). The purified strains were then sent to Laragen Inc. (Culver City, CA)
using 16S rRNA sequencing and identified as Shigella fergusonii and Pantoea vagans
with 99% genetic similarity (Appendix C). Both strains were preserved in Erlenmeyer
flasks containing 250 mL nutrient both with 50 mg/L Se(VI) or Se(IV) and transferred
every three weeks to avoid mutation.
3.3.3

Selenium reduction batch experiments

The strains were first incubated in 1 L Erlenmeyer flasks with 500 mL nutrient
broth for 16 hours at 150 rpm at 30°C, then centrifuged (Sorvall RC-5B Model, Thermo
Fisher Scientific, Inc., MA) at 6000 rpm for 10 minutes and washed three times using
0.85% (w/v) NaCl. The harvested cell were then resuspended into 300 mL Erlenmeyer
flasks containing 250 mL CDM with desired concentrations of Se(VI) or Se(IV) and 750
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mg/L glucose. The flasks were incubated anaerobically on a shaker at 150 rpm at 30°C
after flushed with nitrogen and sealed with rubber stoppers. Samples were taken at
desired intervals and preserved by freezing after adding 2 drops of 0.1M H2SO4.
Environmental factors including temperature, pH, and initial selenium
concentrations were investigated in this study. The effects of temperature and pH were
first investigated to determine the optimal conditions for selenium reduction over a pH
range of 4-9 and a temperature range of 20-50°C. The pH was adjusted daily using 0.1N
NaOH, and the temperature controlled by an incubator shaker (Model G24, New
Brunswick Scientific Co, Inc., NY). Samples were withdrawn daily. Once the optimal
conditions (pH, temperature and bacterial composition) were determined, the batch pure
culture experiments were performed on selenium reduction with initial Se(VI) or Se(IV)
concentrations ranging from 20 to 200 mg/L.

36

(a)

(b)
Figure 3.1 Measurement of cell density by a cell counter (a), viable cell count (b).
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3.3.4

Analytical methods

Se(VI) and Se(IV) concentrations were determined using he colorimetric method
according to the Section 3500 C of the Standard Methods for the Examination of Water
and Wastewater (APHA 2017) as discussed previously by Ji and Wang (2016, 2017). A
florescent piazselenol compound was formed by Se(IV) and 2,3-diaminonaphthalene, and
the absorbance was then measured by a spectrophotometer (Genesys 5 Model,
Spectronics Inc., AL) at a wavelength of 480 nm (Appendix B). Se(VI) was determined
after reduced to Se(IV) using concentrated HCl. pH was measured by a pH meter (AB 15
Model, Fisher Scientific, Hampton, NH). The biomass concentration was determined by a
cell counter (Countess II, Life Technologies Corp., Bothell, WA) (Figure 3.1 (a)) as well
as by counting the viable cells (Figure 3.1(b)).

3.4

Results and discussion

3.4.1

Effect of temperature

No abiotic or biotic reactions were found between the chemicals and the killed cells
in this study (Figures 3.2 and 3.3). The effects of temperature on selenium reduction are
shown in Figures 3.4 and 3.5. Selenium reduction rate for strain TB, calculated by
difference between Se(VI)+Se(IV) concentration in the sample and the initial Se(VI)
concentration, increased at first and then reached the peak (around 92% after 4 days or
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93% after 6 days) at 40°C, followed by a sharp decline at higher temperature. Thus, the
optimal temperature for selenium reduction by strain TB was observed at 40°C. As for
strain EWB, the selenium reduction rate, calculated by difference between the initial and
sample Se(IV) concentrations, increased from 20°C, reached the peak at 30°C, and
decreased at higher temperature (Figure 3.5). Consequently, the optimal temperature for
selenium reduction by EWB was observed at 30°C with reduction rate at around 92%
after 4 days or 97% after 6 days incubation. It was reported in our previous study that the
bacterial reduction rate of Se(VI) was significantly faster than that of Se(IV) (Yuxia Ji
and Wang 2016). Since strain TB was a Se(VI)-reducing strain and strain EWB was a
Se(IV)-reducing strain, a temperature of 30°C was selected to be used in the subsequent
co-culture study described in Chapter 4.
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Figure 3.2 Se(VI) reduction by pure culture of strain TB.
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Figure 3.3 Se(IV) reduction by pure culture of strain EWB.
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Figure 3.4 Temperature effects on selenium reduction by a pure culture of Shigella
fergusonii strain TB42616 after 4 and 6 days.
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Figure 3.5 Temperature effects on selenium reduction by a pure culture of Pantoea
vagans strain EWB32213-2 after 4 and 6 days.
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3.4.2

Effect of pH

The pH effects on both strains were investigated over a pH range of 4-9. For strain
TB, the highest selenium reduction rate was observed at pH 8 with approximate reduction
rates of 79% and 95% after 4 and 6 days incubation, respectively (Figure 3.6). The
selenium reduction rate at pH other than 8 was significantly <3%. Therefore, the optimal
pH for Se(VI) reduction by TB was determined at pH 8. As shown in Figure 3.7, the
selenium reduction rate by strain EWB increased significantly with increasing pH and
peaked at pH 7 (around 87% after 4 days or 98% after 6 days). Thus, the optimal pH for
EWB was observed at pH 7.
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Figure 3.6 pH effects on selenium reduction by a pure culture of Shigella fergusonii
strain TB42616 after 4 and 6 days.
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Figure 3.7 pH effects on selenium reduction by a pure culture of Pantoea vagans
strain EWB32213-2 after 4 and 6 days.
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3.4.3

Selenium reduction by pure cultures of TB and EWB

Se(VI) and Se(IV) reduction by pure cultures of strain TB and strain EWB were
investigated, respectively. Figure 3.2 shows that Se(VI) was rapidly reduced by TB with
corresponding cell growth during the first two days of incubation. Approximately 3 mg/L
Se(VI) remained (~91% reduction) after two days at an initially added concentration of
30 mg/L. Se(IV) concentration, however, rapidly increased to a peak level of 14 mg/L
(~42% of total Se) after two days and then decreased gradually. This observation
suggests that the rate of Se(IV) reduction was slower than that of Se(VI) as evidenced by
Se(IV) accumulation. This was consistent with previous reports that Se(IV) reduction by
Se(VI)-reducing species was the rate-limiting step of Se(VI) reduction (Yuxia Ji and
Wang 2016, 2017a).
Se(IV) reduction by pure culture of Se(IV)-reducing strain EWB was also
investigated at an initial Se(IV) concentration of 30 mg/L. Figure 3.3 shows that Se(IV)
was gradually reduced by strain EWB with complete reduction after four days incubation.
The data in Figures 3.2 and 3.3 show cell growth during the first two days but it
started to decrease afterwards. The data also show that measured total Se
(Se(VI)+Se(IV)+Se(0)) was within 95% of initially added, indicating near complete
recovery of Se throughout the 6 days incubation. In addition, no significant selenium
reduction was observed with both chemical controls and biological controls. Thus, abiotic
mechanisms of selenium reduction can be ignored.
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Biological reduction of Se(VI) under anaerobic condition is a two-stage process that
Se(VI) is first reduced to Se(IV) and then to Se(0) with the second stage as the ratelimiting step (Yuxia Ji and Wang 2017a; T. Siddique et al. 2007). Since Se(IV) is more
toxic than Se(VI), accumulation of Se(IV) is of great environmental significance.
Previous studies also observed Se(IV) accumulation during microbial Se(VI) reduction
by various species. Losi and Frankenberger (1997) reported that Se(IV) was accumulated
during Se(VI) reduction by Enterobacter cloacae SLD1a-1. Ji and Wang (2017, 2016)
reported that substantial Se(IV) was accumulated in batch culture of Escherichia coli
strain EWB32213. Furthermore, Zhang et al. (2008).observed Se(IV) accumulation
during Se(VI) reduction by five different bacterial species.
A variety of bacterial species were reported capable of anaerobic Se(VI) reduction
including Sedimenticola selenatireducens, Enterobacter taylorae, Citerobacter freundii,
etc. (Narasingarao and Häggblom 2006; Zhang et al. 2007, 2004). Similar to strain TB
used in this study, most of Se(VI)-reducing species are likely to reduce Se(VI) rapidly
with subsequent significantly slower Se(IV) reduction except Sedimenticola
selenatireducens which is not able to utilize Se(IV) as the electron acceptor
(Narasingarao and Häggblom 2006). Se(IV) accumulation was commonly observed
during Se(VI) reduction by these species, while the rate of Se(VI) reduction was still
dependent on the added carbon source (Zhang et al. 2004). In addition to strain TB, a
similar rate of Se(VI) reduction by E.coli EWB32213 was previously reported as both
strains accomplished Se(VI) reduction to Se(IV) within 2 days under similar initial
Se(VI) concentrations (~30 mg/L) and cell density (~4×107 cells/mL) (Yuxia Ji and
Wang 2017a). A faster rate of Se(VI) reduction by a designated strain SES-3 was
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observed by Oremland et al. (1994) with 5 mM Se(VI) reduced within 10 hours,
however, at a significantly higher initial cell density (~9×108 cells/mL). Although the cell
growth was noted during Se(VI) reduction by most of the species, no or insignificant cell
growth was reported when Se(IV) was served as the electron donor (Garbisu et al. 1996;
Ronald S Oremland et al. 1994).
In contrast to Se(VI) reduction, anaerobic Se(IV) reduction contributes to a diversity
of metabolic functions including detoxification and anaerobic respiration (Belzile et al.
2006; Ikram and Faisal 2010; Stolz et al. 2006). Unlike detoxification, cell growth of
Se(IV)-respiring species are highly dependent on its resistance (Basaglia et al. 2007).
Bacterial cells such as Rhizobium sullae and Tetrathiobacter kashmirensis grew slightly
at low levels of Se(IV) but ceased or even grew negatively at high levels due to the
toxicity of Se(IV) (Basaglia et al. 2007; Hunter and Manter 2008). The Se(IV)-reducing
strain EWB in this study displayed high resistance to Se(IV) as positive growth was
observed at a high Se(IV) level of 200 mg/L (data not shown). However, the rate of
Se(IV) reduction is relatively low even by Se(IV)-resistant strains. Khoei et al. (2016)
reported that Se(IV) was completely reduced by Burkholderia fungorum (~2×107
cells/mL) after 4 days at an initial Se(IV) concentration of 0.5 mM though significant cell
growth was observed. In this study, 30 mg/L Se(IV) was completely reduced by strain
EWB after 4 days under a similar cell density of 3×107 cells/mL.
3.4.4

Effect of initial selenium concentration

Effect of selenium concentration on selenium reduction by a pure culture of Se(VI)reducing strain TB was first investigated under a range of Se(VI) concentrations from 2049

200 mg/L. Data in Figure 3.8 indicate that Se(VI) at the lowest initial concentration of 20
mg/L was completely reduced within 2 days while approximately 146 mg/L (~73%)
Se(VI) was reduced at the highest initial concentration of 200 mg/L. However, Se(IV)
concentrations rapidly increased within the first two days of incubation and then followed
by a gradual decrease (Figure 3.9). During Se(VI) reduction, cell growth was observed
with initial Se(VI) concentrations higher than 30 mg/L (Figure 3.10). In addition, the data
in Figures 3.8 and 3.9 indicate that the rate of Se(IV) reduction was significantly slower
than that of Se(VI) as evidenced by Se(IV) accumulation, especially at higher levels of
initial Se(VI) concentrations. This observation is consistent with previous reports that the
rate of Se(IV) reduction by Se(VI)-reducing species decreased with increasing initial
Se(VI) concentrations (Yuxia Ji and Wang 2016, 2017a).
Se(IV) reduction to Se(0) by the Se(IV)-reducing strain EWB was also investigated
under a range of Se(IV) concentrations from 20-200 mg/L. Figure 3.11 shows that Se(IV)
was reduced by EWB, however, at a decreasing rate with increasing initial Se(VI)
concentrations. Approximately 146 mg/L (~73%) of Se(IV) was completely reduced at an
initial Se(IV) concentration of 200 mg/L as compared to 19 mg/L (~96%) at 20 mg/L
Se(IV) after 4 days incubation. However, Se(IV) reduction by EWB was incomplete with
15 mg/L (~85% reduction) Se(IV) remained even after 6 days when initial Se(IV)
concentrations exceeded 100 mg/L. Cell growth as shown in Figure 3.12 was only
observed at initial Se(IV) concentrations higher than 60 mg/L. Unlike TB, the growth of
EWB was not pronounced even at the highest initial Se(IV) concentration of 200 mg/L.
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Figure 3.8 Se(VI) reduction by pure culture of TB under initial Se(VI)
concentrations ranging from 20 to 200 mg/L.
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Figure 3.9 Se(IV) reduction by pure culture of TB under initial Se(VI)
concentrations ranging from 20 to 200 mg/L.
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Figure 3.10 Biomass concentration during Se(VI) reduction by pure culture of TB
under Se(VI) concentrations ranging from 20 to 200 mg/L.
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Figure 3.11 Se(IV) reduction by pure culture of EWB under initial Se(IV)
concentrations ranging from 20 to 200 mg/L.
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Figure 3.12 Biomass concentration during Se(IV) reduction by pure culture of EWB
under Se(IV) concentrations ranging from 20 to 200 mg/L.
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3.5

Conclusions

In this study, the optimal conditions for selenium reduction by pure cultures of
Pantoea vagans strain EWB32213-2 and Shigella fergusonii strain TB42616 were
determined. Selenium removal efficiencies by TB and EWB decreased with the
increasing initial selenium concentrations. Around 73% Se(VI) removal was achieved by
strain TB at the highest initial Se(VI) concentration of 200 mg/L within 2 days while
Se(IV) removal efficiencies by the Se(IV)-reducing strain EWB ranged from 73-96%.
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CHAPTER 4.

SELENIUM REDUCTION BY A DEFINED CO-CULTURE IN BATCH
BIOREACTORS

4.1

Abstract

Selenium reduction was evaluated with pure batch cultures of Shigella fergusonii
strain TB42616 (TB) and Pantoea vagans strain EWB32213-2 (EWB), respectively. A
two-stage process, from Se(VI) to Se(IV) and then from Se(IV) to Se(0), was observed.
The second stage of reduction, from Se(IV) to Se(0), was observed as the rate-limiting
step resulting in accumulation of the more toxic Se(IV). In order to facilitate Se(VI)
reduction and reduce Se(IV) accumulation, the Se(VI)-reducing strain TB was cocultured with a Se(IV)-reducing strain EWB. Although Se(VI) reduction rate was not
affected, Se(IV) reduction was significantly enhanced with low Se(IV) accumulation in
the defined co-culture. Effects of culture composition as well as nitrate and arsenate on
Se(VI) reduction were also investigated. A co-culture composition of 10:1 (EWB:TB)
ratio was observed to achieve the best total selenium reduction. In addition, nitrate at 50
mg/L was observed to inhibit Se(IV) reduction but not Se(VI) reduction, while arsenate at
200 mg/L exhibited slight inhibition on both Se(VI) and Se(IV) reduction.
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4.2

Introduction

Selenium is released into environment from both natural and anthropogenic sources.
Approximately 76,000-88,000 tonnes/year of selenium was released globally through
anthropogenic activities compared with 4,500 tonnes/year by natural release (Fordyce
2012). Industrial activities are the predominant sources that include fuel combustion,
electronics manufacturers; the glass industry; pigments used in plastics and paints;
catalyst in pharmaceuticals preparation; fungicides production; and antidandruff
shampoos manufacturers (USEPA 2000).
Although selenium is an essential micronutrient, its toxicity may occur at high levels.
Adverse health effects consist of dermal diseases, neurological impairment and potential
carcinogenesis (Spallholz 1994; Agency for Toxic Substances and Disease Registry
2003; Lenz and Lens 2009). Its ecological toxicity including deformities, mortalities,
reproductive failure and pathological alterations in organs may harm aquatic birds and
fish (Spallholz and Hoffman 2002; Lemly 2002b; Janz et al. 2010). In addition, selenium
is poorly adsorbed by soil and sediments and its toxicity may be biomagnified via the
food chain (Hamilton 2004). As a result, the US Environmental Protection Agency (US
EPA) (U.S. Environmental Protection Agency 2016) lowered its concentrations to 3.1
μg/L in lotic water and 1.5 μg/L in lentic water from 5 μg/L in order to protect aquatic
lives.
The reduction of toxic soluble high-valent selenium oxyanions, selenate (Se(VI)) and
selenite (Se(IV)), to insoluble elemental selenium, Se(0), by bacteria has been studied for

58

years. Yao et al. (2014) isolated a novel Paenibacillus selenitireducens strain capable of
Se(IV) reduction. Nancharaiah and Lens (Lens 2015a) reported several seleniumreducing species including T. Selenatis, E. cloacae SLD1a-1 and B. selenatarsenatis SF1. Tan et al. (2016) observed a 60% total selenium removal and an 80% Se(VI) reduction
with a biofilm system. It was also reported that approximately 93% of selenium can be
removed through biological nutrient removal process in a wastewater treatment plant
(Pontarolo et al. 2017). However, biological reduction of Se(VI) may result in Se(IV)
accumulation due to the relatively slower reduction rate from Se(IV) to Se(0) than from
Se(VI) to Se(IV) (Yuxia Ji and Wang 2016, 2017a). As a result, its toxicity may increase
as Se(IV) is more toxic than Se(VI).
The objective of this study is to investigate the potential for decreasing toxic Se(IV)
accumulation during Se(VI) reduction using a defined co-culture of bacteria in batch
reactors. This study is the first to evaluate Se(VI) reduction by a defined co-culture
consisting of a Se(VI)-reducing and a Se(IV)-reducing species.

4.3

Methods

4.3.1

Media

Growth media used in this study include nutrient broth, MacConkey agar and a
modified chemically defined medium (MCDM). The nutrient broth medium was prepared
by adding 8.0 g nutrient broth powder (Becton Dickinson, Sparks, MD) into 1.0 L
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deionized distilled water. The MacConkey agar was prepared by dissolving 50.0 g
MacConkey agar powder (Becton Dickinson, Sparks, MD) into 1.0 L deionized distilled
water with pH adjusted to 7.1±0.2 using 0.1 N NaOH. The MCDM was prepared by
dissolving 300 mg (NH4 )2 SO4, 200 mg CaCl4 . 2H2 O, 70 mg MgSO4 , 5850 mg NaCl, 0.6

mg H3 BO4 , 0.08 mg CoSO4 , 0.08 mg CuSO4 , 0.63 mg MnCl2 , 0.22 mg ZnCl2 and 3000

mg NaHCO3 into 1.0 L deionized distilled water with pH adjusted to 8±0.1 using 0.1 N
HCl or 0.1 N NaOH. All the chemicals were purchased from Fisher Scientific
International, Inc., (Hampton, NH). All media were autoclaved at 121°C for 15 minutes
and preserved under a biological safety cabinet (SterilGARD, the Baker Company,
Sanford, ME) until use.
4.3.2

Bacterial Strains
The Se(VI)-reducing Shigella fergusonii strain TB42616 (TB) was isolated from

activated sludges at the Town Branch Wastewater Treatment Plant in Lexington,
Kentucky. The Se(IV)-reducing Pantoea vagans strain EWB32213-2 (EWB) was isolated
from coal slurry pond sediments at the E.W. Brown Generating Station in Harrodsburg,
Kentucky. Both strains were purified in the laboratory and identified with 99% genetic
similarity using 16S rRNA sequencing with primer pairs of M13F (5’GTAAAACGACGGCCAG -3’) and M13R (5’- CAGGAAACAGCTATGAC -3’) as
described by in Section 3.3.1. In addition to Se(VI) reduction, TB is capable of Se(IV)
reduction, while EWB can only reduce Se(IV). Strains of TB and EWB were preserved at
4 °C on nutrient agar plates supplemented with 50 mg/L Se(IV) or Se(VI), respectively.
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The cultures were transferred to a fresh nutrient agar plate every three weeks in order to
prevent mutation.
4.3.3

Analytical method
Se(IV) and Se(VI) were determined by the colorimetric method using a

spectrophotometer (AquaMate 7000, Thermo Fisher Scientific, Waltham, MA) according
to Section 3500C of the Standard Methods for the Examination of Water and Wastewater
(APHA 2017). Se(0) was determined following the same procedure after being oxidized
to Se(IV) with concentrated HNO3 digestion. Total Se was calculated by adding measured
concentrations of Se(VI), Se(IV) and Se(0). Total Se concentrations were also determined
by an inductively coupled plasma - optical emission spectrometry (ICP-OES) (VistaPRO, Varian, Palo Alto, CA) at a wavelength of 196.026 nm. The difference between the
calculated total Se and the measured total Se averaged at 8%. The glucose concentration
was determined immediately after the sample was taken using a D-glucose test kit (RBiopharm, Darmstadt, Germany) (R-biopharm 2012). Total organic carbon (TOC) was
determined by a TOC analyzer (TOC-VW, Shimadazu, Kyoto, Japan). A cell counter
(COUNTESS II, Life Technologies Corp., Bothell, WA) was used to measure the viable
cell concentration in pure cultures. The cell density in the co-culture was determined by
viable cell count as colony forming unit (CFU) using the MacConkey agar plates. The
strains were distinguished by the color difference of the colonies as TB displayed pink
color and EWB showed yellow color as shown in Figure 4.1. pH was monitored
throughout the experiments using a pH meter (AB 15 Model, Fisher Scientific, Hampton,
NH).
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Figure 4.1 Viable cell count using the MacConkey agar plates.
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4.3.4

Selenium reduction experiments
All tests were conducted anaerobically under previously determined optimal

conditions at pH 8 and 30°C using 300 mL Erlenmeyer flasks (Yuxia Ji and Wang 2018).
MCDM of 250 mL supplemented with 1000 mg/L glucose was added to the flasks first,
followed by spiking desired concentrations of Se(VI) or Se(IV). Finally, harvested cells
were added and the flasks were sealed with rubber stoppers after flushed with nitrogen
for 10 minutes. The flasks were then placed on a shaking table (Innova 2100, New
Brunswick Scientific, Edison, NJ) at 150 rpm in a temperature-controlled room. Cells
were prepared by growing in 1.0 L nutrient broth for 16 hours and then harvested using a
centrifuge (Sorvall RC-5B, Thermo Fisher Scientific, Langenselbold, Germany) at 4,000
g for 10 minutes. Harvested cells were washed twice with 0.85% NaCl prior to use.
Except for glucose determination which was conducted immediately, samples were
collected at predetermined intervals and preserved at 4 °C prior to analysis as described
by Ji and Wang (Yuxia Ji and Wang 2016). All runs were triplicated including controls.
Two types of controls were prepared following the same procedure except no cell was
added to the chemical controls, while cells autoclaved at 121 °C for 15 minutes were
added to the biological controls.
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4.4

Results and discussion

In order to facilitate Se(VI) reduction and reduce Se(IV) accumulation, the Se(VI)reducing strain TB was co-cultured with the Se(IV)-reducing strain EWB. Se(VI)
reduction in the defined co-culture was investigated at an initial Se(VI) concentration of
50 mg/L. The temperature and the pH were strictly maintained at optimal conditions of
30±0.2°C and 8±0.4. The data in Figure 4.2 indicate that no significant difference in
Se(VI) reduction between pure culture of strain TB and the defined co-culture. However,
Se(IV) reduction differed significantly as Se(IV) concentration was considerably lower in
the co-culture than in the pure culture. Approximately 4 mg/L Se(IV) was detected as the
highest concentration in the defined co-culture after one day incubation as compared to
the peak concentration of 17 mg/L in the pure culture of strain TB, indicating that coculturing a Se(IV)-reducing strain EWB with the Se(VI)-reducing strain TB may
significantly reduce the toxic Se(IV) accumulation during Se(VI) reduction. Both
calculated total Se (Se(VI)+Se(IV)+Se(0)) and directly measured total Se by ICP-OES
show that nearly all added selenium was accounted for as both values were within the
95% confidence interval as shown in Figure 4.2.
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Figure 4.2 Se(VI) reduction by a defined co-culture of strain TB and strain EWB.
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Glucose was added as the carbon source and electron donor for Se(VI) reduction.
The theoretical carbon source (glucose) requirement for Se(VI) and Se(IV) reduction can
be calculated respectively according to the following Equations 4-1 to 4-3 constructed
using the Gibbs free energy (Yuxia Ji and Wang 2017a) (Appendix A).

Se(VI) reduction to Se(IV):
𝑆𝑆𝑆𝑆𝑂𝑂42− + 0.3077𝐶𝐶6 𝐻𝐻12 𝑂𝑂6 + 0.2694𝐻𝐻𝐻𝐻𝑂𝑂3− + 0.2694𝑁𝑁𝐻𝐻4+ → 0.2694𝐶𝐶5 𝐻𝐻7 𝑂𝑂2 𝑁𝑁 +
0.7690𝐶𝐶𝑂𝑂2 + 1.5764𝐻𝐻2 𝑂𝑂 + 𝑆𝑆𝑆𝑆𝑂𝑂32−

Se(IV) reduction to Se(VI):

4-1

𝑆𝑆𝑆𝑆𝑂𝑂32− + 0.6244𝐶𝐶6 𝐻𝐻12 𝑂𝑂6 + 0.5491𝐻𝐻𝐻𝐻𝑂𝑂3− + 0.5491𝑁𝑁𝐻𝐻4+ + 0.9852𝐻𝐻 + →
Overall:

0.5491𝐶𝐶5 𝐻𝐻7 𝑂𝑂2 𝑁𝑁 + 4.1948𝐶𝐶𝑂𝑂2 + 4.1948𝐻𝐻2 𝑂𝑂 + 𝑆𝑆𝑆𝑆

4-2

𝑆𝑆𝑆𝑆𝑂𝑂42− + 0.9321𝐶𝐶6 𝐻𝐻12 𝑂𝑂6 + 0.8185𝐻𝐻𝐻𝐻𝑂𝑂3− + 0.8185𝑁𝑁𝐻𝐻4+ + 1.9985𝐻𝐻 + →
0.8185𝐶𝐶5 𝐻𝐻7 𝑂𝑂2 𝑁𝑁 + 4.9638𝐶𝐶𝑂𝑂2 + 5.7712𝐻𝐻2 𝑂𝑂 + 𝑆𝑆𝑆𝑆

4-3

Equation 4-1 indicates that for every mole of Se(VI) reduction to Se(IV), 0.31 moles of
glucose are required. Thus, 154 mg/L glucose was needed for complete Se(VI) reduction
to Se(IV) at the highest added Se(VI) concentration of 400 mg/L used in this study.
Similarly, 313 mg/L glucose was required for subsequent Se(IV) reduction to Se(0)
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(Equation 4-2). As a result, the added glucose of 1000 mg/L exceeded the theoretical
demand of 467 mg/L (Equation 4-3) for complete Se(VI) reduction to Se(0). The data in
Figure 4.3 show that the glucose concentration decreased rapidly and was completely
degraded within one day, while TOC remained at around 208 mg/L throughout the
remaining period of the incubation.
The data in Figure 4.4 show rapid growth of the Se(VI)-reducing strain TB at the
first two days of incubation but ceased afterwards. No cell growth was observed,
however, with the Se(IV)-reducing strain EWB during the same period and its active cell
count even decreased after the first day. This observation may be attributed to the lack of
added Se(IV) in the co-culture as Se(VI) was the only added electron acceptor.
Subsequent competition for Se(IV) formed from Se(VI) reduction as electron acceptor
and the inability of both strains to utilize metabolites as the electron donor may also
result in the slow or little growth of strain EWB. Additionally, strain TB may be more
competitive for glucose than EWB as glucose was a more favorable carbon source for
selenium reduction than other metabolites (Figure 4.3).
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Figure 4.3 Glucose consumption and metabolites production during Se(VI)
reduction by a defined co-culture of strain TB and strain EWB.
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Figure 4.4 Cell growth during Se(VI) reduction by a defined co-culture of strain TB
and strain EWB.
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In order to further investigate the effect of glucose on cell growth and selenium
reduction, glucose was respiked to the defined co-culture after the 1st and 2nd day of
incubation, respectively. The result in Figure 4.5 indicated that glucose was completely
utilized within one day after each respike with accelerated Se(VI) and Se(IV) reduction
and corresponding increase in active cells. Approximately 5 mg/L Se(VI) and 0.2 mg/L
Se(IV), respectively, remained in the reactor one day after the respike as compared to the
9 mg/L Se(VI) and 4 mg/L Se(IV) remaining without glucose respike (Figure 4.2). The
cell density of both strains increased corresponding to the first respike at the end of the 1st
day. However, no growth was observed with both strains after the 2nd respike (Figure 4.6)
as little or no Se(VI) as well as Se(IV) remained in the co-culture (Figure 4.5). These
observations suggest that there was insufficient amount of electron acceptors (Se(VI) and
Se(IV)) rather than electron donor (glucose) in the co-culture to generate energy for cell
growth after two days incubation in the co-culture even with glucose respike.
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Figure 4.5 Se(VI) reduction by a defined co-culture of strain TB and strain EWB
with glucose respiked.
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Figure 4.6 Cell growth during Se(VI) reduction by a defined co-culture of strain TB
and strain EWB with glucose respiked.
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Se(IV) reduction by the co-culture was also conducted in order to investigate the
competitiveness of both strains for Se(IV). As shown in Figure 4.7, Se(IV) was
completely reduced in the co-culture after 4 days incubation. Also, a faster Se(IV)
reduction was observed in the co-culture as compared to the pure culture of Se(IV)reducing strain EWB (Figure 3.7) since both strains in the co-culture were capable of
Se(IV) reduction. However, the growth of strain TB was negligible while EWB growth
was noted in the co-culture during the first two days, suggesting that EWB was more
competitive for Se(IV) than TB. Additionally, Se(IV) may not be as thermodynamically
favorable as Se(VI) to support strain TB cell growth as an electron acceptor. The redox
couples of SeO42–/SeO32– to H2 oxidation possesses a free energy of –15.53 kcal/mol e–
compared to –8.93 kcal/mol e– for HSeO3–/Se couple (Stolz et al. 2006). Thus, the
difference in free energy may also result in less favorable conditions for TB growth in the
Se(IV) added co-culture.
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Figure 4.7 Se(IV) reduction in the defined co-culture and corresponding cell growth.
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To further investigate the effect of culture composition on Se(VI) reduction, initial
population ratios ranging from 0.01:1-10:1 (EWB:TB) were evaluated. As shown in
Figure 4.8, Se(VI) reduction was not significantly affected over the range of composition
investigated. Approximately 91% Se(VI) was reduced after 4 days despite the 1,000-fold
increase in the Se(IV)-reducing EWB population. However, substantial difference in
Se(IV) reduction was observed (Figure 4.9). Se(IV) accumulation significantly decreased
with increasing EWB population. Approximately 26 mg/L of Se(IV) was detected as the
peak level (day 1) at a ratio of 10:1 compared to 212 mg/L (day 2) at 0.01:1 in the coculture with 400 mg/L added Se(VI). This observation was also consistent with a
previous study that Se(IV) concentration was lower in a mixed culture consisting both
Se(VI) and Se(IV) reducing species (T. Siddique et al. 2007). Siddique et al. also reported
that little Se(IV) was detected with in mixed cultures consisted of Bacillus strains (Tariq
Siddique et al. 2006).
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Figure 4.8 Effect of co-culture composition on Se(VI) reduction.
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Figure 4.9 Effect of co-culture composition on Se(IV) accumulation during Se(VI)
reduction.
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The effects of nitrate (NO3–) and arsenate (AsO3–) on Se(VI) reduction in the coculture were also evaluated in this study. No significant effect of 50 mg/L (~3mM) nitrate
nitrogen (NO3–-N) on Se(VI) reduction was observed. Approximately 14 mg/L Se(VI)
remained (~85% reduction) after 4 days with no nitrate added as compared to 18 mg/L
with nitrate added (~82% reduction) as shown in Figure 4.10. However, nitrate inhibition
on Se(IV) reduction was noted. The highest Se(IV) concentration of 8.5 mg/L was
detected with no nitrate added as compared to 65 mg/L with nitrate added (Figure 4.10).
These observations were also consistent with previous studies that the concentration of
nitrate did not affect Se(VI) reduction (Subedi et al. 2017) but significantly inhibited
Se(IV) reduction (Ronald S Oremland et al. 1999). Recent studies suggested that bacterial
Se(VI) and Se(IV) reductions were carried out through two different pathways (Stolz et
al. 2006; Tan et al. 2016). Unlike the high substrate selectivity and uniqueness of Se(VI)
reduction, Se(IV) reduction can be carried out through several pathways including
denitrification, sulfite reduction and fumarate reduction (Nancharaiah and Lens 2015a,
2015b). However, the significantly higher free energy of NO3–/N2 couple (–20.25
kcal/mol e–) than HSeO3–/Se couple (–8.93 kcal/mol e–) rendered nitrate as the preferred
electron acceptor, resulting in the observed inhibition on Se(IV) reduction.
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Figure 4.10 Effect of Se(VI) reduction and Se(IV) accumulation by 50 mg/L as NO3-N.
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The existence of selenium was previously reported at the presence of arsenic in the
wastewater from gold and coal mines (Luo et al. 2008; Goldhaber et al. 2016). Therefore,
the inhibitory effect of arsenate on selenium reduction was also observed although it was
not as pronounced as nitrate (Figure 4.11). Approximately 18 mg/L Se(VI) remained after
6 days (~82% reduction) with 200 mg/L (~3mM) arsenate (As(V)) added as compared to
11 mg/L (~90% reduction) without added arsenate. Se(IV) accumulation also slightly
increased from 1.6 mg/L to 5.5 mg/L at the end of 6 days incubation. The difference,
however, may be attributed to the arsenate toxicity instead of competition for electron
with selenium. A previous study showed that approximately 7%-50% of the soil bacteria
remained alive after exposure to 8.6 mM arsenate (Jackson, Dugas, and Harrison 2005).
In this study, Se(VI) was reduced to Se(IV) by the Se(VI)-reducing strain TB. Two
pathways were then possible in the second stage that Se(IV) can be reduced either by
strain TB itself or by the Se(IV)-reducing strain EWB. Since the first stage of Se(VI)
reduction was a relatively fast process, one of the efficient ways to facilitate the second
stage was to increase Se(IV)-reducing population by adding strain EWB to the batch
reactor as demonstrated in this study. This finding is significant since Se(IV) was more
toxic than Se(VI) due to its prooxidant catalytic activity to produce superoxide (Spallholz
1994). Meanwhile, DNA breakage may be induced by Se(IV) with DNA strand breaks
and base damage (Letavayová, Vlčková, and Brozmanová 2006). Therefore, the toxicity
of selenium may increase during Se(VI) reduction due to Se(IV) accumulation. On the
other hand, the toxicity can be significantly alleviated by a co-culture of Se(VI) and
Se(IV)-reducing species as the result of decreasing Se(IV) accumulation.
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Figure 4.11 Effect of Se(VI) reduction and Se(IV) accumulation by 200 mg/L As(V).
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4.5

Conclusions

This study demonstrated that the toxic Se(IV) accumulation observed in pure
batch cultures during Se(VI) reduction can be effectively reduced in a defined co-culture
consisting of a Se(IV)-reducing strain EWB and a Se(VI)-reducing strain TB. Although
Se(VI) reduction to Se(IV) was not affected, Se(IV) reduction to Se(0) was significantly
enhanced with increasing EWB population. Glucose was rapidly utilized as an electron
donor for both Se(VI) and Se(IV) reduction, whereas its metabolites were only partially
utilized. Inhibitory effects of nitrate on Se(IV) reduction were observed but not on Se(VI)
reduction while arsenate inhibition on Se(VI) reduction was not as pronounced as nitrate.
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CHAPTER 5.

KINETIC MODELING OF SELENIUM REDUCTION BY A DEFINED COCULTURE IN BATCH REACTORS

5.1

Abstract

The kinetics of Se(VI) reduction by a defined co-culture of a Se(VI)-reducing
strain Shigella fergusonii TB42616 (TB) and a Se(IV)-reducing strain Pantoea vagans
EWB32213-2 (EWB) was investigated in batch reactors. Se(VI) reduction was a twostage process from Se(VI) to Se(IV) and then from Se(IV) to Se(0). Biokinetic
parameters were optimized with a Monod-type kinetic model using batch pure culture
data through the Robust Global Optimization Algorithm embedded in a computer
package including yield coefficients, decay coefficients , maximum specific growth rates,
and half-velocity constants. Se(VI) reduction by the defined co-culture was then
simulated and verified over a range of culture compositions and initial Se(VI)
concentrations, respectively. An inter-species inhibition term was incorporated into the
model to illustrate the competition for Se(IV) during Se(VI) reduction in the co-culture.
The results indicated that the incubation time corresponding to the peak level of Se(IV)
increased with initial Se(VI) concentrations. The model also showed a significant
increase of Se(IV) accumulation with higher initial Se(VI) concentration. However,
Se(IV) accumulation can be reduced with increasing population ratio of EWB to TB in
the defined co-culture. The relatively high correlation coefficients suggested that the
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model was robust and applicable in simulating Se(VI) reduction by the defined coculture.

5.2

Introduction

Selenium is a nonmetallic element naturally found in rocks and soils. Selenium has
four oxidation states including selenate (Se(VI)), selenite (Se(IV)), elemental selenium
(Se(0)), and selenide (Se(-II)) with two primary soluble forms in Se(VI) and Se(IV)
(Geering et al. 1968). Anthropogenic sources including glass and ceramic manufacturing,
agriculture irrigation, metallurgy industry, combustion of coal and petroleum fuels,
pharmaceuticals, etc. are responsible for most of selenium release into the environment
(Fordyce 2012; USEPA 2000).
Although selenium is an essential trace element for humans, dosage at supranutritional levels may cause adverse health effects (MacFarquhar et al. 2010b; Agency
for Toxic Substances and Disease Registry 2003; Hartikainen 2005). In addition, the
aquatic ecosystem can be impaired due to the ecological toxicity of selenium. Also,
bioaccumulation of selenium via the food chain may amplify selenium toxicity and
threaten the wildlife (Hamilton 2004; Janz et al. 2010; Spallholz and Hoffman 2002;
Lemly 2002b).
Although selenium can be removed by conventional physical-chemical processes
such as adsorption, ion exchange, reverse osmosis, and zero-valent iron (Sandy and
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DiSante 2010), biological reduction may provide an alternative for its control (Yao et al.
2014; Losi and Frankenberger, Jr. 1997; He and Yao 2010). However, recent studies
showed that significant Se(IV) accumulation occurred during bacterial Se(VI) reduction
as a result of a relatively faster rate of Se(VI) reduction than Se(IV) reduction (Yuxia Ji
and Wang 2016, 2017a; T. Siddique et al. 2007). Although Se(IV) is more toxic than
Se(VI), very little attention has been paid to Se(IV) accumulation in bioreactors mainly
due to a limited understanding on the kinetics of Se(VI) reduction by biological activities.
Previous studies on the kinetics of biological Se(VI) reduction used a first-order reaction
kinetics rather than enzyme-based expressions (Rege et al. 1999; Fujita et al. 2002). Most
recently, Se(VI) reduction in a hydrogen-based membrane biofilm reactor was analyzed
with multi-Monod kinetics (Zhao et al. 2018).
The potential for reduced Se(IV) accumulation from Se(VI) reduction has been
recently reported by us in a co-culture of a Se(VI)-reducing strain Shigella fergusonii
TB42616 (TB) and a Se(IV) reducing strain Pantoea vagans EWB32213-2 (EWB)
(Yuxia Ji and Wang 2019). In this study, the kinetics of Se(VI) and Se(IV) reduction by
this co-culture was analyzed and optimized biokinetic parameters were obtained. The coculture data were then used to verify the kinetic model incorporating both stages of
Se(VI) reduction, and an inter-species inhibition term was introduced to depict the Se(IV)
competition between these two species and the effect on the growth in the co-culture.
This study is the first to model bacterial growth with multi-species suppression during
biological reduction of Se(VI).
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5.3

5.3.1

Materials and Methods

Bacterial strains and culture condition

Two bacterial strains including a Se(VI)-reducing strain TB and a Se(IV)reducing strain EWB were isolated from activated sludge and coal slurry pond,
respectively, as described in Section 3.3.2. Cultures were cultivated in a modified
chemically defined medium (MCDM) containing 300 mg/L (NH4 )2 SO4, 200 mg/L

CaCl4 . 2H2 O, 70 mg/L MgSO4 , 5850 mg/L NaCl, 0.6 mg/L H3 BO4 , 0.08 mg/L CoSO4 ,
0.08 mg/L CuSO4 , 0.63 mg/L MnCl2 , 0.22 mg/L ZnCl2 and 3,000 mg/L NaHCO3

supplemented with 1,000 mg/L glucose as the electron donor. The stock solution of
MCDM was sterilized by autoclaving at 121°C for 15 minutes and preserved at room
temperature under a biological safety cabinet (SterilGARD Model, The Baker Company,
Sanford, Maine) prior to use.
5.3.2

Selenium reduction experiments

Selenium reduction by strains TB and EWB, respectively, under various initial
selenium concentrations ranged from 20-200 mg/L was first investigated in the pure
culture experiment while the effects of initial Se(VI) concentration and culture
composition on Se(VI) reduction were then evaluated in the co-culture experiment.
Selenium reduction experiments were conducted in 300 mL Erlenmeyer flasks at 30°C
and pH 8. Cells of TB and EWB were grown overnight in nutrient broth medium (Becton
Dickinson, Sparks, MD) and harvested by centrifugation (Sorvall RC-5B Model, Thermo
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Fisher Scientific, Langenselbold, Germany) at 4,000 g for 10 minutes, then washed twice
using 0.85% NaCl solution. Desired concentrations of Se(VI) and the harvested cells
were added to the autoclaved flasks filled with 250 mL MCDM with pH adjusted to
8±0.1 using 0.1 N NaOH. Anaerobic conditions were achieved by nitrogen flush for 10
minutes and then sealed with rubber stoppers. The flasks were incubated at 30°C on a
shaking platform (Innova 2100 Model, New Brunswick Scientific, Edison, New Jersey)
at 150 rpm in dark. Triplicates were run including the chemical control with no added
cells and biological control with killed cells by autoclaving at 121°C for 15 minutes.
5.3.3

Analytical method

Samples were withdrawn from flasks at appropriate intervals and preserved at 4°C
after acidified with 2 drops of 1 N H2SO4. Prior to analysis, samples were centrifuged for
10 minutes at 10,000 g using a microcentrifuge (5415 C Model, Eppendorf, NY). Se(IV),
Se(VI) and Se(0) were determined by the colorimetric method using a spectrophotometer
(AquaMate 7000 Model, Thermo Fisher Scientific, Waltham, Massachusetts) after
reacting with 2,3-diaminonaphthalene according to Section 3500C of the Standard
Methods for the Examination of Water and Wastewater (APHA 2017). The biomass
concentration of pure cultures was determined by a cell counter (Countess II, Life
Technologies Corp., Bothell, WA) while the viable cells in the defined co-culture were
counted with MacConkey agar plates as colonies of TB and EWB displayed different
colors (Allen 2005). The obtained biomass data was subsequently converted to volatile
suspended solids (VSS) using an established calibration curve (Yuxia Ji and Wang 2018;
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Botros, Hassan, and Sorial 2017). pH was monitored using a pH meter (AB 15 Model,
Fisher Scientific, Hampton, New Hampshire).
5.3.4

Data analysis

The Monod-type kinetics were used to analyze the selenium reduction data. Data of
selenium reduction with corresponding cell growth in batch pure cultures were used to
optimize kinetic parameters of the model. Se(VI) reduction by the defined co-culture was
then simulated with the co-culture model.
Se(VI) reduction to Se(IV) by a pure culture of Se(VI)-reducing strain TB can be
expressed as:
𝑑𝑑𝑆𝑆1
𝑑𝑑𝑑𝑑

1 𝜇𝜇1 [𝑆𝑆1 ]

= 𝑟𝑟1 = − 𝑌𝑌

1

5-1

𝑥𝑥
𝐾𝐾1 +[𝑆𝑆1 ] 1

While the second stage from Se(IV) to Se(0) can be described as:
𝑑𝑑𝑆𝑆2
𝑑𝑑𝑑𝑑

1

𝜇𝜇 [𝑆𝑆 ]

𝜇𝜇 [𝑆𝑆 ]

= 𝑟𝑟2 = 𝑌𝑌 (𝐾𝐾 1+[𝑆𝑆1 ] − 𝐾𝐾 2+[𝑆𝑆2 ])𝑥𝑥1
1

1

1

2

2
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The cell growth can be expressed as:
𝑑𝑑𝑥𝑥1
𝑑𝑑𝑑𝑑

𝜇𝜇 [𝑆𝑆 ]

𝜇𝜇 [𝑆𝑆 ]

= 𝑟𝑟3 = �𝐾𝐾 1+[𝑆𝑆1 ] + 𝐾𝐾 2+[𝑆𝑆2 ]� 𝑥𝑥1 − 𝑏𝑏1 𝑥𝑥1
1
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1

2

2

5-3

where S1: Se(VI) concentration, mg/L; S2: Se(IV) concentration, mg/L; x1: Biomass
concentration of TB, mgVSS/L; t: Incubation time, d; Y1: Yield coefficient of TB,
mgVSS/mgSe; K1: Se(VI) half-velocity constant of TB, mg/L; K2: Se(IV) half-velocity
constant of TB, mg/L; μ1: Maximum specific growth rate on Se(VI) reduction of TB,
mgVSS/mgSe(VI)-d-1; μ2: Maximum specific growth rate on Se(IV) reduction of TB,
mgVSS/mgSe(IV)-d-1; b1: Cell decay coefficient of TB, d-1.
Se(IV) reduction to Se(0) by a pure culture of Se(IV)-reducing strain EWB can be
expressed as:
𝑑𝑑𝑆𝑆2
𝑑𝑑𝑑𝑑

1 𝜇𝜇3 [𝑆𝑆2 ]

= 𝑟𝑟4 = − 𝑌𝑌

2

𝑥𝑥
𝐾𝐾3 +[𝑆𝑆2 ] 2
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The cell growth can be described as:
𝑑𝑑𝑥𝑥2
𝑑𝑑𝑑𝑑

𝜇𝜇 [𝑆𝑆 ]

= 𝑟𝑟5 = 𝐾𝐾 3+[𝑆𝑆2 ] 𝑥𝑥2 − 𝑏𝑏2 𝑥𝑥2
3

2

5-5

where x2: Biomass concentration of EWB, mgVSS/L; Y2: Yield coefficient of EWB,
mgVSS/mgSe; K3: Se(IV) half-velocity constant of EWB, mg/L; μ3: Maximum specific
growth rate on Se(IV) reduction of EWB, mgVSS/mgSe(IV)-d-1; b2: Cell decay
coefficient of EWB, d-1.
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In the co-culture, both strains can reduce Se(IV) to Se(0) while only TB can
reduce Se(VI) to Se(IV). Thus, the rate of Se(IV) reduction to Se(0) in the defined coculture may be expressed as:
𝑑𝑑𝑆𝑆2
𝑑𝑑𝑑𝑑

1

= 𝑟𝑟2 + 𝑟𝑟4 = 𝑌𝑌 �
1

𝜇𝜇1 [𝑆𝑆1 ]

𝐾𝐾1 +[𝑆𝑆1 ]

−

𝜇𝜇2 [𝑆𝑆2 ]

𝐾𝐾2 +[𝑆𝑆2 ]

1 𝜇𝜇3 [𝑆𝑆2 ]

� 𝑥𝑥1 − 𝑌𝑌

2
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𝑥𝑥
𝐾𝐾3 +[𝑆𝑆2 ] 2

Although competition for Se(VI) may not occur as TB was the only Se(VI)-reducing
strain in the defined co-culture, both strains may compete for Se(IV) as the electron
acceptor. As a result, the cell growth of strains TB and EWB through Se(IV) reduction
may be affected. Therefore, an inter-species inhibition term �1 − [𝑥𝑥

𝑥𝑥1
� �1
1 ]𝑚𝑚𝑚𝑚𝑚𝑚

− [𝑥𝑥

𝑥𝑥2
�,
2 ]𝑚𝑚𝑚𝑚𝑚𝑚

proposed by Giménez and Dalgaard (2004) was incorporated into the model to describe

the inter-species interaction. The growth of bacterial strains in the co-culture with interspecies suppression can be expressed using Eqs. 5-7 and 5-8 compared to Eqs. 5-3 and
5-5 without inter-species suppression:
𝑑𝑑𝑥𝑥1
𝑑𝑑𝑑𝑑

𝜇𝜇 [𝑆𝑆 ]

= [𝐾𝐾 1+[𝑆𝑆1 ] +
1

1

𝑑𝑑𝑥𝑥2
𝑑𝑑𝑑𝑑

𝜇𝜇2 [𝑆𝑆2 ]

𝐾𝐾2 +[𝑆𝑆2 ]

�1 − [𝑥𝑥

𝜇𝜇 [𝑆𝑆 ]

= 𝐾𝐾 3+[𝑆𝑆2 ] (1 − [𝑥𝑥
3

2

𝑥𝑥1

1 ]𝑚𝑚𝑚𝑚𝑚𝑚

� �1 − [𝑥𝑥

𝑥𝑥2

2 ]𝑚𝑚𝑚𝑚𝑚𝑚

�]𝑥𝑥1 − 𝑏𝑏1 𝑥𝑥1

𝑥𝑥1
𝑥𝑥
)(1 − [𝑥𝑥 ] 2 )𝑥𝑥2
]
1 𝑚𝑚𝑚𝑚𝑚𝑚
2 𝑚𝑚𝑚𝑚𝑚𝑚

− 𝑏𝑏2 𝑥𝑥2
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where [𝑥𝑥1 ]𝑚𝑚𝑚𝑚𝑚𝑚 : maximum biomass concentration of TB, mgVSS/L; [𝑥𝑥2 ]𝑚𝑚𝑚𝑚𝑚𝑚 : maximum
biomass concentration of EWB, mgVSS/L.

The experimental data were analyzed using a computer software program 1stOpt
6.0 (7D Soft High Technology Inc. 2014). The parameters were optimized using the
Robust Global Optimization Algorithm with a convergence criterion set as |ε|≤10-10. The
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model simulation was achieved by solving the ordinary differential terms using the
Runge-Kutta-Fehlberg Algorithm. The yield coefficients of Y1 and Y2, decay coefficients
of b1 and b2, maximum specific growth rates of μ1, μ2 and μ3 and half-velocity constants
of K1, K2 and K3 were optimized by applying the pure batch culture data into Eqs. 5-1 to
5-5, subsequently applied to the co-culture model (Eqs. 5-1, 5-6, 5-7 and 5-8) with initial
concentrations of Se(VI), Se(IV) and biomass of both strains to simulate Se(VI) reduction
in the defined co-culture. The maximum biomass concentration of strain TB, [𝑥𝑥1 ]𝑚𝑚𝑚𝑚𝑚𝑚 ,

was obtained by the pure culture model Eqs. 5-1 to 5-3 with optimized parameters while
the maximum concentration of strain EWB, [𝑥𝑥2 ]𝑚𝑚𝑚𝑚𝑚𝑚 , was obtained on the assumption

that Se(IV) formed from Se(VI) reduction by TB was solely reduced by EWB. Since

Se(IV) is not the initial added source of selenium in the co-culture, the maximum cell
density cannot be easily calculated by Eqs. 5-4 and 5-5.
The correlation coefficient was calculated to evaluate the goodness of the model
fit according to Wang and Zhang (Wang and Zhang 2011) below:

𝑟𝑟 2 =

�)(𝑧𝑧𝑖𝑖 −𝑧𝑧̅ )]
[∑𝑛𝑛
𝑖𝑖=1(𝑦𝑦𝑖𝑖 −𝑦𝑦
2

2

2

∑𝑛𝑛
�) ∑𝑛𝑛
𝑖𝑖=1(𝑦𝑦𝑖𝑖 −𝑦𝑦
𝑖𝑖=1(𝑧𝑧𝑖𝑖 −𝑧𝑧̅ )

where 𝑦𝑦� = ∑𝑛𝑛𝑖𝑖=1 𝑦𝑦𝑖𝑖 𝑧𝑧̅ = ∑𝑛𝑛𝑖𝑖=1 𝑧𝑧𝑖𝑖 ;

where r2: Correlation coefficient; yi: Experimental data; zi: Prediction data.
The sensitivity of the optimized biokinetic parameters on Se(VI) and Se(IV)
concentrations was also analyzed according to Eq. 5-10:
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5-9

𝑑𝑑𝑆𝑆𝑖𝑖′

𝑑𝑑𝑃𝑃𝑖𝑖

=

𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 +∆𝑃𝑃𝑖𝑖 )−𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 )
∆𝑃𝑃𝑖𝑖
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Where 𝑃𝑃𝑖𝑖 : Optimized parameter; ∆𝑃𝑃𝑖𝑖 : Small variation (0.1%) of the parameter; 𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 ):

Simulated concentration based on 𝑃𝑃𝑖𝑖 ; 𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 + ∆𝑃𝑃𝑖𝑖 ): Simulated concentration based on
𝑃𝑃𝑖𝑖 + ∆𝑃𝑃𝑖𝑖 .

5.4

Results and discussion

5.4.1

Parameters estimation and pure culture model simulation

The data in Figure 5.1 were used to optimize parameters of Y1, b1, K1, K2, μ1, and μ2
while optimized parameters of Y2, b2, K3, and μ3 were obtained using data in Figure 5.2.
Since biological reduction of Se(VI) was a two-stage process, the true yield cannot be
simply estimated using linear regression as Se(IV) was not only the reduction product but
also the substrate for the second stage. Therefore, all parameters were estimated using the
Robust Global Optimization Algorithm embedded in a computer program 1stopt 6.0 in
this study (7D Soft High Technology Inc. 2014).
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Figure 5.1 Se(VI) reduction by the pure culture of TB (a), with simultaneous Se(IV)
accumulation (b), and biomass concentration (c).
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Figure 5.2 Se(IV) reduction by the pure culture of EWB (a), and biomass
concentration (b).
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Table 5.1 Summary of biokinetic parameters for Se(VI) and Se(IV) reduction.
Parameter
Definition
Value
-1
μ1, mgVSS/mgSe(VI)-d
Maximum specific growth rate on
1.495±0.202
Se(VI) reduction of strain TB
μ2, mgVSS/mgSe(IV)-d-1 Maximum specific growth rate on
0.255±0.036
Se(IV) reduction of strain TB
μ3, mgVSS/mgSe(IV)-d-1 Maximum specific growth rate on
0.515±0.068
Se(VI) reduction of strain EWB
K1, mg/L
Se(VI) half-velocity constant of
303.121±68.210
strain TB
K2, mg/L
Se(IV) half-velocity constant of
35.731±11.412
strain TB
K3, mg/L
Se(IV) half-velocity constant of
70.406±10.331
strain EWB
Y1, mgVSS/mgSe
Yield coefficient of strain TB
0.520±0.039
Y2, mgVSS/mgSe
Yield coefficient of strain EWB
0.390±0.022
b1, d-1
Cell decay coefficient of strain TB
0.225±0.046
-1
b2, d
Cell decay coefficient of strain
0.152±0.037
EWB
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Table 5.2 Correlation coefficients of simulated batch data sets with pure cultures of
TB and EWB.
Strain
Electron
Initial Se(VI)
Correlation
Correlation
acceptor
concentration,
coefficients,
coefficients of
mg/L
R2
cell growth, R2
Se(VI)
20
0.94
0.90
Se(VI)
50
0.98
0.91
Se(VI)
100
0.98
0.93
Shigella
Se(VI)
150
0.98
0.90
fergusonii
Se(VI)
200
0.96
0.92
TB42616
Se(IV)
20
0.95
/
Se(IV)
50
0.94
/
Se(IV)
100
0.93
/
Se(IV)
150
0.93
/
Se(IV)
200
0.94
/
Se(IV)
20
0.89
0.92
Pantoea
Se(IV)
40
0.98
0.97
vagans
Se(IV)
60
0.97
0.97
EWB32213Se(IV)
80
0.97
0.95
2
Se(IV)
100
0.98
0.92
Se(IV)
150
0.96
0.87
Se(IV)
200
0.90
0.89
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Table 5.1 summarizes the optimized biokinetic parameters using the data of Se(VI)
and Se(IV) reduction. According to Rittmann and McCarty (Rittmann and McCarty
2001), the half-velocity constants were the parameters reflecting substrate's affinity for
metabolic enzymes. The optimized half-velocity constants of K1 of 303.121 mg/L, K2 of
35.731 mg/L, and K3 of 70.406 mg/L shown in Table 5.1 indicate stronger affinity of
Se(VI) reductase than Se(IV) reductase as K1 is significantly greater than K2 and K3.
Simulated results of Se(VI) and Se(IV) reduction by pure cultures of TB and EWB
are also shown in Figures 5.1 and 5.2, respectively. The model simulated Se(IV)
accumulation (Figure 5.1(b)) well corresponding to the rapid Se(VI) reduction (Figure
5.1(a)) by TB. However, model simulation of Se(IV) reduction by the pure culture of
EWB shown in Figure 5.2 indicates a gradual Se(IV) reduction process. Thus, Se(IV)
reduction was a slow process with either Se(VI)-reducing strain TB or Se(IV)-reducing
strain EWB. However, the model simulated higher Se(IV) reduction (~86%) at the
highest initial Se(IV) concentration of 200 mg/L after 4 days incubation. In general, the
model simulations agreed well with the experimental data on both Se(VI) and Se(IV)
reduction as indicated by high correlation coefficients (R2>0.89) shown in Table 5.2. The
cell growth of both strains also indicated the robustness of the developed model with all
correlation coefficients higher than 0.87 (Figures 5.1(c) and 5.2(b)).
5.4.2

Se(VI) reduction by the defined co-culture

In order to facilitate Se(IV) reduction and reduce Se(IV) accumulation, the Se(VI)reducing strain TB was co-cultured with the Se(IV)-reducing strain EWB. Figure 5.3
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illustrates the Se(VI) reduction process in the co-culture. First, Se(VI) was reduced to
Se(IV) by the Se(VI)-reducing strain TB. Two pathways were then possible in the second
stage that Se(IV) can be reduced either by TB itself or by the Se(IV)-reducing strain
EWB. As the first stage of Se(VI) reduction was a relatively fast process, the second
stage of Se(IV) reduction may be enhanced by adding the Se(IV)-reducing strain EWB to
the Se(VI)-reducing TB culture.
To investigate the effect of EWB on Se(VI) reduction, Se(VI) reduction by the
defined co-culture was first investigated over a range of culture compositions of 0.01:110:1 (EWB:TB). The data in Figure 5.4(a) show that Se(VI) reduction profiles were
similar even over these wide ranges of culture compositions while Se(IV) reduction
shown in Figure 5.4(b) differed significantly as Se(IV) accumulation decreased with
increasing ratios of EWB to TB.
The effect of initial Se(VI) concentration on Se(VI) reduction by the defined coculture was also evaluated at a culture composition ratio of 10:1 (EWB:TB). The results
in Figure 5.5(a) show that approximately 72 mg/L Se(VI) (~85% reduction) remained
after 4 days at the highest initial Se(VI) concentration of 500 mg/L. However, Se(VI)
reduction was not significantly different in the co-culture as compared to that observed
with the pure culture of TB (Figure 5.1(a)). This observation may be attributed to a
similar cell density (~3×107 cells/mL) of TB in both pure cultures. In contrast, lower than
50 mg/L Se(IV) was detected even at the highest initial Se(VI) concentration of 500 mg/L
(Figure 5.5(b)), indicating that Se(IV) reduction was significantly enhanced in the
defined co-culture.
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Figure 5.3 Proposed pathways of Se(VI) reduction by a defined co-culture of strain
TB and strain EWB.
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(a)

(b)
Figure 5.4 Se(VI) reduction in the defined co-culture (a), with simultaneous Se(IV)
accumulation (b) under a range of culture compositions from 0.01:1-100:1
(EWB:TB) with and without inter-species suppression.
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Figure 5.5 Se(VI) reduction in the defined co-culture (a), with simultaneous Se(IV)
accumulation (b) at a culture composition of 10:1 (EWB:TB) with and without
inter-species suppression.
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5.4.3

Co-culture data analysis

In order to analyze Se(VI) reduction by the defined co-culture, several
assumptions were made:
1. Biokinetic parameters obtained from pure cultures including yield coefficients (Y1
and Y2), decay (b1 and b2) coefficients, maximum specific growth rate (μ1, μ2, μ3) and
half-velocity constant (K1, K2, K3) are applicable to the defined co-culture.
2. Se(VI) and Se(0) are the only species formed during Se(VI) reduction.
3. Neither Se(VI) nor Se(IV) reduction is inhibited in the defined co-culture.
4. The extent of inhibition toward the other species is the same and the growth ceases
when one of the two species has reached its maximum concentration.
5. Biological components of TB and EWB remain unchanged during Se(VI) reduction.
Se(VI) reduction by the defined co-culture was simulated over a wide range of
culture compositions as well as initial Se(VI) concentrations by applying the initial
concentrations of Se(VI), Se(IV) as well as biomass. Correlation coefficients for the
nonlinear model calculated by Eq. 5-9 were determined to verify the goodness and the
robustness of the model. The results in Figure 5.4 show Se(VI) reduction with
simultaneous Se(IV) accumulation in the co-culture under different culture compositions.
As shown in Figure 5.4, the model simulations of Se(VI) reduction did not vary
significantly with the culture compositions while Se(IV) reduction was complete within 4
days at culture compositions of 10:1 and 1:1 (EWB:TB). Table 5.3 illustrates a better fit
on the inter-species suppression incorporated model with correlation coefficients higher
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than 0.94 compared to 0.82 by the model without inter-species suppression. Although
little or no difference was observed between simulated data of Se(VI) reduction with and
without inter-species suppression (Figure 5.4(a)), simulations of Se(IV) reduction varied
substantially (Figure 5.4(b)). Deviations were likely to appear after reaching the peak
concentration as a result of achieving the maximum cell density of either TB or EWB. In
addition, a negative growth of EWB was observed under EWB:TB ratios higher than 10:1
due to the inadequate Se(IV) for the excessive amount of EWB population (data not
shown). Therefore, Se(IV) reduction was less likely being affected by the inter-species
growth suppression at high ratios of EWB to TB.

Table 5.3 Correlation coefficients of simulated data in the defined co-culture with
and without inter-species suppression under various culture compositions and initial
Se(VI) concentrations.
EWB:TB Electron Initial Se(VI)
Correlation
Correlation
acceptor concentration,
coefficients, R2
coefficients, R2
mg/L
(without suppression) (with suppression)
0.01:1
Se(VI)
400
0.95
0.94
0.1:1
Se(VI)
400
0.94
0.95
1:1
Se(VI)
400
0.95
0.95
10:1
Se(VI)
400
0.95
0.96
10:1
Se(VI)
10
0.98
0.98
10:1
Se(VI)
100
0.97
0.97
10:1
Se(VI)
200
0.97
0.97
10:1
Se(VI)
500
0.98
0.98
0.01:1
Se(IV)
400
0.82
0.95
0.1:1
Se(IV)
400
0.86
0.96
1:1
Se(IV)
400
0.92
0.97
10:1
Se(IV)
400
0.96
0.95
10:1
Se(IV)
10
0.93
0.94
10:1
Se(IV)
100
0.95
0.95
10:1
Se(IV)
200
0.96
0.97
10:1
Se(IV)
500
0.96
0.97
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Using the developed model, Se(VI) reduction by the defined co-culture under a
broader range of culture compositions may be predicted. The simulation results in Figure
5.4 show that the peak level of Se(IV) accumulation was further decreased to 12 mg/L at
50:1 and 6 mg/L at 100:1 (EWB:TB), respectively. Thus, Se(IV) reduction in the coculture may not be significantly enhanced as the ratio of EWB to TB increases to higher
than 50:1. In addition, Se(VI) reduction may be adversely affected at higher ratios of
EWB to TB due to the intensifying competition for Se(IV) in the co-culture with
increasing cell concentrations of EWB.
Model simulations of Se(VI) reduction by the defined co-culture at a culture
composition of 10:1 (EWB:TB) over various initial Se(VI) concentrations are shown in
Figure 5.5. The inter-species suppression was not significant under such a high EWB:TB
ratio as observed on both Se(VI) and Se(IV) reduction. Both the model simulation and
data show that Se(VI) was completely reduced within 3 days under initial Se(VI)
concentrations from 10-500 mg/L (Figure 5.5(a)). The model also illustrates that nearcomplete Se(IV) reduction can be achieved even at an initial Se(VI) concentration of
1000 mg/L with a Se(IV) peak level of 253 mg/L (Figure 5.5(b)). The simulation results
indicate that the defined co-culture is effective in facilitating Se(IV) reduction over a
wide range of Se(VI) concentrations. However, the incubation time corresponding to the
peak level of Se(IV) at an initial Se(VI) concentration of 1000 mg/L increased to 1.8 days
from 1.2 days at 500 mg/L, indicating a longer duration of Se(IV) accumulation with
higher initial Se(VI) concentration.
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The results in Fiure 5-5 clearly show that most of the simulated data were within the
deviation range of the experimental data, demonstrating that the model succeeded in
simulating Se(VI) as well as Se(IV) reduction by the defined co-culture. Additionally, the
relatively high correlation coefficients (R2>0.93) summarized in Table 5.3 further
indicate the robustness and the good fit of the model.

5.4.4

Sensitivity analysis

In order to evaluate the uncertainty of the developed model, sensitivity analyses
on optimized biokinetic parameters were performed based on Se(VI) as well as Se(IV)
concentrations using inter-species suppression incorporated model simulated data at an
initial Se(VI) concentration of 200 mg/L. Figure 5.6(a) shows that Se(VI) concentration
was more sensitive to the changes of Y1, μ1 and b1 than other parameters since these
parameters were mainly related to Se(VI) reduction according to Eq. 5-1. In contrast,
Se(IV) concentration was mostly affected by the changes of EWB related parameters
including Y2, μ3 and b2 rather than TB related parameters of Y1, μ2 and b1 as shown in
Figure 5.6(b), suggesting that EWB was the species mainly responsible for Se(IV)
reduction in the co-culture. However, neither Se(VI) nor Se(VI) concentration was
sensitive to the changes of half-velocity constants of K1, K2, and K3, which helps explain
the considerable deviation of the half-velocity constants shown in Table 5.1.
Additionally, changes of EWB related parameters including Y2, μ3, K3, and b2 only
slightly affected Se(VI) concentration.
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Figure 5.6 Sensitivity analyses based on Se(VI) concentration (a), and Se(IV)
concentration (b) at an initial Se(VI) concentration of 200 mg/L and a culture
composition of 10:1.

106

5.4.5

Discussion

The decay coefficients, b1 and b2, are only related to species type and temperature
according to Rittmann and McCarty (Rittmann and McCarty 2001) and thus may not vary
in the defined co-culture. Additionally, K1, K2, and K3 are the parameters reflecting
intrinsic characteristics that only depend on bacterial species. Therefore, these parameters
were all assumed to remain unchanged in the defined co-culture.
Organic selenium species other than Se(IV) and Se(0) may also be formed during
Se(VI) reduction by biological activities. However, they were insignificant and
unpredictable as reported by a recent study (T. Siddique et al. 2007). Also based on the
result of the mass balance analysis in our previous work with the co-culture (Yuxia Ji and
Wang 2019), the measured total Se concentration (Se(0)+Se(IV)+Se(VI)) was within
95% of the initially added amount throughout the 6 days incubation.
Although the inhibitory effect of Se(IV) was previously reported (He and Yao 2010;
Yuxia Ji and Wang 2017a), no significant Se(IV) inhibition was observed in the coculture. This may be attributed to the Se(IV) toxicity tolerance of TB and EWB.
Microbial selenium reduction may serve as a detoxification strategy adopted by some
bacteria species (Belzile et al. 2006; Kessi et al. 1999; Nancharaiah and Lens 2015a).
Competition for Se(VI) was not observed in the co-culture as TB was the only
Se(VI)-reducing strain in the co-culture while strains TB and EWB may compete for
Se(IV) as Se(IV) can serve as the electron acceptor for both strains. As a result, the cell
growth of both strains may be affected according to the Jameson effect (Mellefont,
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McMeekin, and Ross 2008). The Jameson effect was commonly observed as the growth
inhibition due to the competition for a common limiting resource between different
species in batch cultures (Cornu 2001; Cornu et al. 2011). Accordingly, the growth
suppression terms, �1 − [𝑥𝑥

𝑥𝑥1
� �1
1 ]𝑚𝑚𝑚𝑚𝑚𝑚

− [𝑥𝑥

𝑥𝑥2
�,
2 ]𝑚𝑚𝑚𝑚𝑚𝑚

were incorporated into the bacterial

growth equations (Eqs.5-7 and 5-8). The growth suppression term was derived from the
logistics growth model proposed by Giménez and Dalgaard (2004) based on the
assumption that bacteria species inhibit each other and their own growth to the same
extent. Application of the growth suppression term was also recently reported to model
the simultaneous growth of Escherichia coli and lactic acid bacteria (Ačai et al. 2016).
However, this study is the first to incorporate the multi-species suppression into the
Se(VI) reduction model.
In this study, the unstructured Monod model provides an adequate description of
biological Se(VI) reduction by the co-culture regardless of the biomass components. The
biomass composition was not expected to change during Se(VI) reduction due to the
adaption mechanisms since the environmental conditions were well controlled. Although
the structured model may provide a more accurate prediction with comprehensive
physiological information, difficulties still exist not only due to the complexity of the
model but also because of insufficient details of cellular metabolism regarding Se(VI)
reduction as well as the diversity of Se(IV) reductase (Kora and Rastogi 2016). However,
the cellular process of strains TB and EWB involved in selenium reduction will be
investigated with the aim to develop a concise structured model in our future study.
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5.5

Conclusions

A kinetic model for Se(VI) reduction in a defined co-culture consisting of a Se(VI)reducing strain TB and a Se(IV)-reducing strain EWB was developed in this study. An
inter-species growth suppression term was incorporated into the model to illustrate
Se(IV) competition between these two strains during Se(VI) reduction. The model was
successful in simulating Se(VI) reduction under a broad range of culture compositions as
well as initial Se(VI) concentrations. The robustness and good fit of the model were
verified by the relatively high correlation coefficients between the observed and modelsimulated data. The model further predicted that Se(IV) reduction may not be enhanced at
culture compositions higher than 50:1 (EWB:TB). Additionally, the model predicted that
Se(VI) can be completely reduced within 3 days with low Se(IV) accumulated in the coculture even at a very high initial Se(VI) concentration of 1000 mg/L. The model also
adequately illustrated the increased incubation time corresponding to the Se(IV) peak
concentration with increasing initial Se(VI) concentration.
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CHAPTER 6.

SE(VI) REMOVAL BY CONTINUOUS-FLOW REACTORS PACKED WITH
ALUM-IMPREGNATED ACTIVATED ALUMINA

6.1

Abstract

Se(VI) and Se(IV), as the two major species of selenium in water, are toxic to
aquatic lives and may cause adverse health effects to humans at high levels. Biological
reduction of Se(VI) is a two-stage process first from Se(VI) to Se(IV) and then from
Se(IV) to Se(0) with potential accumulation of the more toxic Se(IV) due to the slower
rate of the second stage. Activated alumina, on the other hand, is more effective for
Se(IV) adsorption than Se(VI). In this study, the effect of biological activities on
selenium removal was investigated using continuous-flow reactors packed with alumimpregnated activated alumina (AIAA) and cultured with a Se(VI)-reducing strain
Shigella fergusonii strain TB42616 under various influent Se(VI) concentrations and
hydraulic retention times (HRTs). A selenium removal efficiency of 92% was achieved in
a bioreactor with initial biomass of 2.2×106 cells/g-AIAA after a 70-day operation period.
Little improvement was observed by lowering the influent Se(VI) concentration from 50
to 10 mg/L while the removal efficiency was significantly enhanced by either extending
the hydraulic retention time from 3.2 to 5.0 days or increasing the attached biomass
during the startup. An increase in mass ratios of Se(VI) reduction by immobilized cells to
adsorption by AIAA was also observed with increasing cell mass during the operation.
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6.2

Introduction

Selenium is mainly released from anthropogenic sources including fossil fuel
combustion, oil refinery, glass manufacturing, electronics industry, agricultural irrigation,
and metallurgy industry (Fordyce 2012; USEPA 2000). Se(VI) and Se(IV) are the most
important species of selenium in water due to their high solubility and mobility (Ralston,
Unrine, and Wallschläger 2008). Selenium at high levels may cause various adverse
health effects to humans such as dermal diseases, damage to kidney and liver, and even
death (Agency for Toxic Substances and Disease Registry 2003). Selenium is particularly
toxic to the aquatic lives due to its bioaccumulation (Hamilton 2004; Hartikainen 2005)
and may cause deformities, pathological alterations in organs, reproductive failure, and
even mortality (Spallholz and Hoffman 2002; Lemly 2002b). As a result, USEPA
regulates the aquatic selenium concentration as 1.5 and 3.1 μg/L in lentic water and lotic
water, respectively (U.S. Environmental Protection Agency 2016).
Se(VI) can be removed through biological reduction by a variety of species including
Escherichia coli, Shigella fergusonii, Anaeromyxobacter dehalogenans, Thauera
selenatis, and Sedimenticola selenatireducens (Yuxia Ji and Wang 2017b, 2019; He and
Yao 2010; Macy, Lawson, and DeMoll-Decker 1993; Narasingarao and Häggblom
2006). Biological reduction of Se(VI) has been reported as a two-stage process first from
Se(VI) to Se(IV) and then from Se(IV) to the insoluble Se(0) (Stolz and Oremland 1999;
Stolz et al. 2006). However, the slower reduction rate of the second stage may result in
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the accumulation of Se(IV) (Yuxia Ji and Wang 2017b; T. Siddique et al. 2007) which is
far more toxic than Se(VI) (Spallholz 1994; Letavayová, Vlčková, and Brozmanová
2006). Se(IV) accumulation, however, can be substantially reduced in a defined coculture consisting of a Se(VI)-reducing strain Shigella fergusonii TB42616 (TB) and a
Se(IV) reducing strain Pantoea vagans EWB32213-2 (Yuxia Ji and Wang 2019).
Activated alumina (AA), on the other hand, was listed as one of the best available
technologies (BAT) for selenium removal by USEPA (U.S. Department of the Interior
2010) due to its ability to remove a variety of anions from water by adsorption (Bishnoi
et al. 2004; Ghorai and Pant 2004; Lin and Wu 2001). The adsorption capacity of AA can
be improved by surface modification including manganese dioxide-coating, ironmodification, and alum-impregnation (Tripathy, Bersillon, and Gopal 2006; Maliyekkal,
Sharma, and Philip 2006; Kuriakose, Singh, and Pant 2004). However, AA adsorption
was only effective for Se(IV) but not Se(VI) due to its selectivity (Twidwell et al. 1999;
R.A. Trussell et al. 1980). Consequently, a bioreactor packed with AA may achieve a
better selenium removal efficiency by utilizing both biological reduction and the
adsorption processes.
The potential for Se(VI) removal by an AA-packed bioreactor was demonstrated
recently (Yuixa Ji, Li, and Wang 2019). In this study, the effect of biological activities on
Se(VI) removal was investigated using a continuous-flow reactor packed with alumimpregnated activated alumina (AIAA) and inoculated with a Se(VI)-reducing strain TB
under various hydraulic retention times (HRT) and influent Se(VI) concentrations.
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6.3

6.3.1

Materials and methods

Bacterial strain

The Se(VI)-reducing strain TB was isolated from the activated sludge sample
collected from an aeration tank at Town Branch Wastewater Treatment Plant in
Lexington, Kentucky. The strain was identified as Shigella fergusonii with 99% genetic
similarity using 16S rRNA sequencing as previously described in Section 3.3.2.
6.3.2

Inoculation media and feeding solution

Two inoculation media including a nutrient broth medium and a modified
chemically defined medium (MCDM) were used for bioreactor startup while the MCDM
was the only solution fed to the continuous-flow bioreactors. The nutrient broth medium
was prepared by adding 8 g nutrient broth powder (Becton Dickinson, Sparks, MD) into 1
L deionized water, while the MCDM consisted of 300 mg/L (NH4 )2 SO4, 200 mg/L

CaCl4 . 2H2 O, 70 mg/L MgSO4 , 5850 mg/L NaCl, 0.6 mg/L H3 BO4 , 0.08 mg/L CoSO4 ,

0.08 mg/L CuSO4 , 0.63 mg/L MnCl2 , 0.22 mg/L ZnCl2 and 3000 mg/L NaHCO3

supplemented with 1000 mg/L glucose as the carbon source. Both media were autoclaved
at 121°C for 15 minutes with pH adjusted to 7±0.1 using 0.1 N NaOH prior to use. All
the chemicals were purchased from Fisher Scientific International, Inc., (Hampton, NH)
except indicated otherwise.
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6.3.3

Activated alumina modification

The AIAA was prepared by immersing 100 g AA (Moisture Boss, LLC, Lake
City, PA) to a mixed solution of 200 mL of 5% NaHCO3 and 200 mL of 1 M Al2 (SO4 )3 ∙

18H2 O with pH adjusted to 3.4±0.1 using 0.1 N HCl for 4 hours as described by Tripathy
et al. (2006). The AIAA beads were then washed with deionized water and dried for 5
days at room temperature prior to use.
6.3.4

AIAA characterization

The surface area and the porosity of AIAA were determined by the Brunauer–
Emmett–Teller (BET) analysis using a surface analyzer (3Flex, Micromeritics, Norcross,
GA). Surface images of AIAA were obtained to detect the alum impregnation and the cell
attachment using a scanning electron microscopy (SEM) (FEI Quanta 250, Thermo
Fisher Scientific, Waltham, MA) while the surface composition was characterized by the
energy-dispersive X-ray analysis (EDX). Prior to imaging, samples of AIAA with
attached cells were prepared by immersing the beads into a 4% glutaraldehyde solution
for 2 hours, followed by rinsing with graded ethanol solutions (40, 55, 70, 85, 100%) for
15 minutes. Finally, the samples were dehydrated by a critical point dryer (CPD300,
Leica, Vienna, Austria) and preserved in a reagent bottle until use. The surface
composition of AIAA was also determined by the X-ray photoelectron spectroscopy
(XPS) (K-Alpha, Thermo Fisher Scientific, Waltham, MA) (Thermo Scientific 2008).
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6.3.5

Analytical method

Se(VI) and Se(IV) were determined with a spectrophotometer (AquaMate 7000,
Thermo Fisher Scientific, Waltham, MA) at a wavelength of 480 nm by the colorimetric
method according to Section 3500C of the Standard Methods for the Examination of
Water and Wastewater (APHA 2017). Se(0) was measured following the same procedure
after digestion with concentrated HNO3 (Yuxia Ji and Wang 2017b). The attached cells
were measured first by grinding the AIAA particles, followed by suspending into 0.85%
NaCl with vigorous shaking using a Vortex mixer (Fisher Scientific, Hampton, NH). The
biomass concentration was then determined using a cell counter (Countess II, Life
Technologies Corp., Bothell, WA). The pH was monitored using a pH meter (AB 15
Model, Fisher Scientific, Hampton, NH).
6.3.6

Continuous-flow reactor system

The schematic of the continuous-flow reactor system is shown in Figure 6.1. The
reactor consisted of a Pyrex glass column (Corning Glassware Co., Corning, NY) with a
diameter of 2.54 cm and a length of 12.5 cm. The reactor was constructed with four
external ports including an influent port at the bottom and an effluent port, a recirculation
port as well as a sampling port on the top. The reactor column was packed with 20.0 g
AIAA of 3 mm in diameter as the attachment medium for TB cells. The medium was
stored in a feeding tank and fed to the reactor by a pre-calibrated double-headed
peristaltic pump (MasterFlex, Cole-Palmer Inst. Co., Niles, IL). The reactor was operated
at 30±0.2°C in a temperature-controlled chamber under anaerobic conditions. All tubings,
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AIAA, medium tanks, and the reactor column were autoclaved at 121 °C for 15 minutes
and assembled under a biological safety cabinet (SterilCARD, The Baker Co., Inc.,
Sanford, ME).

Figure 6.1 Schematic of AIAA packed continuous-flow reactor system.

6.3.7

Continuous-flow experiments

The continuous-flow experiments were conducted over four different phases. The
operating conditions under each phase are summarized in Table 6.1. Three reactors were
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operated simultaneously including two control reactors (R1 and R2) without inoculation
and one bioreactor (R3) inoculated with strain TB during Phases I-III. Prior to startup,
cells of strain TB were aerobically grown in 500 mL Erlenmeyer flasks with nutrient
broth for 16 hours at 30°C, harvested by centrifugation (Sorvall RC-5B, Thermo Fisher
Scientific, Langenselbold, Germany) at 4000 g for 10 minutes, then washed with 0.85%
NaCl three times and resuspended into 30 mL MCDM. The harvested cells were
introduced to R3, followed by continuous feeding MCDM at a flow rate of 32 mL/day for
6 days with effluent recycle at 20 L/d and aeration with compressed air. After the startup,
the reactors were operated anaerobically without effluent recycle. R1 and R3 were fed
with MCDM supplemented with Se(VI) while R2 was fed with a Se(IV)-supplemented
MCDM solution. In order to investigate the effect of the attached biomass on Se(VI)
removal, a bioreactor (R4) was started in Phase IV following the same procedure as R3
except fed with nutrient broth during the startup period. Samples were withdrawn at predetermined intervals from the sampling port, centrifuged (5415 C Model, Eppendorf,
Westbury, NY) at 8000 rpm, then acidified with two drops of 1 M H2SO4 and preserved
by freezing until analysis.
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Table 6.1 Summary of AIAA-packed continuous-flow experimental protocols.
Phase Reactor Inoculation Feeding Influent Se(VI) HRT, Operation
solution
solution
concentration,
day
duration,
mg/L
days
R1
MCDM
MCDM
50
3.2
37
I
R2
MCDM
MCDM
50
3.2
37
R3
MCDM
MCDM
50
3.2
37
R1
MCDM
MCDM
10
3.2
43
II
R2
MCDM
MCDM
10
3.2
43
R3
MCDM
MCDM
10
3.2
43
R1
MCDM
MCDM
10
5.0
70
III
R2
MCDM
MCDM
10
5.0
70
R3
MCDM
MCDM
10
5.0
70
IV
R4
Nutrient
MCDM
10
5.0
70
broth

6.4

6.4.1

Results and discussion

Phase I: Reactor performance

Se(VI) removal was first investigated in continuous-flow reactors packed with
AIAA beads under a nominal HRT of 3.2 days and a Se(VI) influent concentration of 50
mg/L at 30°C. pH was maintained at an optimal value of 7 for biological reduction by
strain TB as well as for AA adsorption (Yuxia Ji and Wang 2018; R.A. Trussell et al.
1980). Three reactors were operated simultaneously including two control reactors (R1
and R2) and a bioreactor (R3). No abiotic selenium removal was observed by TB cells in
this study.
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The data in Figure 6.2 show that Se(VI) concentration from the effluent of R3
increased significantly in the beginning and then stabilized after 15 days. However, no
steady state was reached even at the end of the experiment. This may be attributed to the
remaining adsorption capacity for Se(VI) in R3 since Se(VI) in the bioreactor was
removed not only by adsorption but also by biological reduction. In addition, Se(VI)
concentration from the effluent of R3 was higher than that from R1 before day 8,
suggesting a slower diffusion rate of Se(VI) into AIAA possibly due to cell attachment on
its surface. In addition, Se(IV) in the effluent from R3 was very low (<2.1 mg/L),
indicating that Se(IV) formed from Se(VI) reduction by strain TB was subsequently
adsorbed by AIAA. Also, little Se(0) was detected in the effluent from R3 during the first
23 days while a significant increase was observed afterward.
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Figure 6.2 Effluent concentrations of selenium under influent Se(VI) concentration
of 50 mg/L and HRT of 3.2 days.
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The results shown in Figure 6.2 from control reactors R1 and R2 indicate that the
adsorption for Se(VI) by AIAA reached adsorption capacity much faster than Se(IV).
Se(VI) adsorption by AIAA was saturated after 25 days while Se(IV) adsorption did not
reach the capacity even at the end of the experiment, suggesting a significantly higher
adsorption capacity for Se(IV) than for Se(VI). This observation is consistent with
previous reports that AA was more favorable for Se(IV) adsorption rather than Se(VI)
(Sandy and DiSante 2010; Twidwell et al. 1999).
The fate of selenium in the reactor was analyzed by conducting a mass balance over
the entire volume of the reactor. Se(VI) reduction by biological activities in R3 can be
quantified by the difference between the cumulative output mass of Se(VI) from R1 and
R3. As shown in Figure 6.3, Se(VI) removal by biological reduction increased from 8.3
mg at day 20 to 15.5 mg at day 37. This observation is also consistent with the increasing
output mass of Se(0), a product of biological reduction of Se(IV), from the bioreactor. In
addition, the output mass of Se(IV) from R3 was relatively low (< 1 mg), indicating that
Se(IV) was mainly retained in the reactor. Se(IV) accumulation during biological
reduction of Se(VI) was attributed to the relatively slower reduction rate from Se(IV) to
Se(0) (R S Oremland et al. 1989; Stolz et al. 2006; Yuxia Ji and Wang 2016). However,
the results obtained in this study suggest that Se(IV) formed from the biological reduction
of Se(VI) can be effectively removed by adsorption.
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Figure 6.3 Selenium mass balance under influent Se(VI) concentration of 50 mg/L
and HRT of 3.2 days.

The data in Figure 6.3 also indicate that the adsorption capacity for Se(VI) was
nearly saturated after 16 days as the output mass of Se(VI) from R1 increased linearly
thereafter. In contrast, the output mass of Se(IV) remained relatively low even after 37
days, suggesting a significant adsorption capacity remaining for Se(IV). The adsorption
122

capacity of AIAA for Se(VI) as indicated by the difference between the cumulative input
and output mass of Se(VI) from R1 at day 37 was calculated as 1.1 mg-Se(VI)/g-AIAA.
Although adsorption for Se(VI) may be interfered by HCO3- introduced in this study due
to AA selectivity for anions (Twidwell et al. 1999), this value was still higher than that
observed earlier with an unimpregnated AA (0.7 mg-Se(VI)/g-AA) (Yuixa Ji, Li, and
Wang 2019). However, the adsorption capacity of AIAA for Se(IV) cannot be accurately
estimated since the saturation of Se(IV) was not observed at the end of the operation.
Nevertheless, Se(IV) adsorbed onto AIAA at day 37 was calculated as 2.0 mg-Se(IV)/gAIAA which was higher than 1.6 mg-Se(IV)/g-AA reported earlier by Ji et al. (2019).
Thus, the alum-impregnation onto the surface of AA enhanced the adsorption efficiency
for both Se(VI) and Se(IV). The improved adsorption efficiency of AIAA may be
attributed to the Al(OH)3 precipitates on the surface as noted in the SEM images shown
in Figure 6.4 despite decreases of both the specific area and the pore volume after the
impregnation (from 246 to 172.5 m2/g and 0.36 to 0.18 cm3/g, respectively) according to
the BET analysis.
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(a)

(b)
Figure 6.4 SEM micrographs of AA before impregnation (a), after alumimpregnation (b).
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Although Se(IV) accumulation was significantly reduced in R3, the total selenium
removal efficiency at the end of the operation as calculated by the difference between the
total input Se(VI) and output mass of the Se(VI)+Se(IV) approximated 74% (Figure 6.3).
In order to obtain a better selenium removal efficiency, operating factors including
influent concentration of Se(VI), HRT, and attached biomass were subsequently
investigated in this study.
6.4.2

Phase II: Effect of influent concentration of Se(VI)

Se(VI) removal was investigated in the reactor system operated continuously for
43 days under a lower Se(VI) influent concentration of 10 mg/L while maintaining HRT
at 3.2 days. The results shown in Figure 6.5 indicate that the adsorption capacity for
Se(VI) but not Se(IV) was reached with a longer operating period of 37 days. Although
the effluent concentration of Se(IV) from R3 was low (<0.5 mg/L), effluent Se(VI)
concentration remained at a high level of 3.9 mg/L after 43 days. This observation
suggested that the HRT may be inadequate to retain a sufficient amount of biomass in R3.
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Figure 6.5 Effluent concentrations of selenium under influent Se(VI) concentration
of 10 mg/L and HRT of 3.2 days.

The mass balance analysis in Figure 6.6 shows a similar pattern to that observed
in Phase I under the higher influent Se(VI) concentration of 50 mg/L. A total selenium
removal efficiency of 75% was observed after 37 days of operation as compared to 74%
at 50 mg/L, further suggesting that other factors such as HRT may be more important
than the influent concentration on the overall selenium removal efficiency. In addition,
the mass ratio of Se(VI) reduced by biological activities to Se(VI) adsorbed by AIAA
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decreased from 1:2.2 to 1:3.0 at the lower influent concentration of 10 mg/L, indicating
that a longer operating period may be required to reach the adsorption capacity of AIAA
and that Se(VI) was more likely to be removed by adsorption rather than biological
reduction in R3.
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Figure 6.6 Selenium mass balance under influent Se(VI) concentration of 10 mg/L
and HRT of 3.2 days.
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6.4.3

Phase III: Effect of hydraulic retention time

During the third phase, the effect of HRT on selenium removal was investigated
by operating the reactor system continuously for 70 days under a longer HRT of 5.0 days
while keeping the influent Se(VI) concentration at 10 mg/L. The results in Figure 6.7
show that the effluent Se(VI) concentration from R3 lowered from 3.9 mg/L to 2.7 mg/L
under this higher HRT after a 70-day operation, suggesting that better Se(VI) removal
efficiency may be achieved by extending the HRT. However, no substantial improvement
in Se(IV) removal was noted since the effluent concentration of Se(IV) approximated 0.7
mg/L which was similar to 0.5 mg/L observed in Phase II under the HRT of 3.2 days
(Figure 6.5).
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Figure 6.7 Effluent concentrations of selenium and biomass under influent Se(VI)
concentration of 10 mg/L and HRT of 5.0 days.

The mass balance analysis in Figure 6.8 shows that the operating period required to
reach the adsorption capacity for Se(VI) increased from 15 days to 24 days corresponding
to the longer HRT. In addition, the mass ratio of Se(VI) reduced by biological activities
to Se(VI) removed by adsorption was 1:2.9 at day 40 with a subsequent increase to 1:1.2
at day 70, indicating that biological activities increased significantly in R3 during the
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operation. The growing biological activities were also noted by the increasing effluent
Se(0) concentrations from 0.6 mg/L to 1.0 mg/L (Figure 6.7). Furthermore, the total
selenium removal efficiency increased to 82% at the end from 75% during this phase of
operation with a longer HRT.
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Figure 6.8 Selenium mass balance under influent Se(VI) concentration of 10 mg/L
and HRT of 5.0 days.
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6.4.4

Phase IV: Effect of immobilized biomass

During this phase of the study, a bioreactor (R4) was operated continuously for 70
days under the same influent Se(VI) concentration (10 mg/L) and HRT (5 days) as in
Phase III. In order to increase the attached biomass in the bioreactor, the reactor (R4) was
inoculated with nutrient broth during the startup period. The result of Se(VI) removal in
R4 indicates that Se(VI) concentration in the effluent was reduced to 0.8 mg/L after 70
days compared to 2.7 mg/L from R3 in Phase III (Figure 6.7). Based on the mass balance
analysis shown in Figure 6.8), the total selenium removal efficiency increased to 92% at
the end of the operation. The higher removal efficiency may be attributed to the increased
amount of the attached TB cells in R4 since an approximately 100-fold increase of
biomass was observed from 2.2×106 cells/g in the beginning to 1.3×108 cells/g at the end
of this phase (Figure 6.7). Consequently, effluent Se(0) concentration increased with
increasing biological activities. The data in Figure 6.7 also show that the attached
biomass on AIAA grew slightly during the first 21 days, but significant growth was
observed afterward corresponding to the time when the adsorption capacity of AIAA for
Se(VI) was nearly reached (Figure 6.8).
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(a)

(b)

(c)

(d)

Figure 6.9 SEM micrographs of attached cells on the surface of AIAA in R3 (a), R4
(b) at the beginning and at the end of operation in R3 (c), R4 (d).
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The significant growth of TB cells was also noted by SEM micrographs. Figure 6.9
indicates that far more TB cells attached to AIAA in R4 than R3 at the beginning and at
the end of each operation period. Although substantial TB cells were observed on the
surface of AIAA in R3 (Figure 6.9(c)), the surface of AIAA in R4 was completely
covered by TB cells at the end of operation period (Figure 6.9(d)). The biomass loss from
both reactors, however, can be neglected as the effluent concentration of biomass
remained very low (<5×103 cells/mL) throughout the operation.
Since AIAA used in this study served not only as an adsorbent for Se(VI) and
Se(IV) but also as an attachment medium for TB cells, the adsorption for the selenium
species may be affected by the growing biomass on its surface. The observations of this
study suggest that biological reduction was the predominant removal process for Se(VI)
in the later stage while adsorption could be the major mechanism for selenium removal
earlier in the operation. Although biological reduction may compete with adsorption for
Se(VI), the interference on AIAA adsorption for Se(VI) was possibly negligible since
significant growth of biomass was not observed until the adsorption capacity for Se(VI)
was reached after 21 days (Figure 6.8). On the other hand, Se(IV), the product of
biological Se(VI) reduction, may be removed mainly by adsorption due to the slower
reduction rate of Se(IV) by TB cells (Yuxia Ji and Wang 2018, 2019).
6.4.5

AIAA surface analysis

The surface composition of AIAA from R4 was determined by the EDX. The results
show that no selenium was detected on the surface of AIAA before the inoculation of
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strain TB (Figure 6.10), while approximately 4.8% selenium was measured by a global
mapping at the end of the operation (Table 6.2). The weight composition of carbon
increased from 10.6% to 21.3% mainly due to cell attachment on the surface. In addition,
the EDX result by a regional mapping shows that the weight composition of selenium
increased to 15.2% albeit unchanged in carbon composition, indicating that Se(0) was not
evenly distributed on the surface of AIAA.

Table 6.2 Surface compositions of AIAA in R4 at the end of the operation.
Element
EDX
XPS
Global mapping
Regional mapping
Oxygen
46.7%
37.8%
35.3%
Carbon
21.3%
20.2%
40.9%
Aluminum
27.1%
24.7%
15.2%
Selenium
4.8%
15.2%
2.5%

In order to provide the profile of a much thinner surface layer (~10 nm), the
composition of AIAA was also determined by the XPS. The result shown in Table 6.2
illustrates a significant increase in the carbon composition from 21.3% to 40.9% while
the aluminum composition decreased from 27.1% to 15.2%. This observation may be
attributed to the coating of attached TB cells on a thinner layer of AIAA surface.
Additionally, selenium was more likely attached on the surface of AIAA rather than TB
cells as the selenium composition decreased from 4.8% to 2.5% possibly due to the
retaining of Se(0) on the AIAA surface.
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(a)

(b)
Figure 6.10 EDX analysis of AIAA before the startup via a global mapping (a), and
its response (b).
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The selenium removal efficiency of 92% observed in this study through both
biological activities and adsorption process is higher than other treatment technologies
reported for ferrihydrite adsorption (~90%), electrochemical bioreactor (~85%), and
aerobic fermenter (~82%) (Tan et al. 2016). However, the regeneration and reuse
potential of the AIAA need to be further investigated in the future study.

6.5

Conclusions

Biological activities in the AIAA-packed reactor significantly improved the
removal efficiency of selenium. Se(IV) formed from the biological reduction of Se(VI)
was effectively adsorbed by AIAA and the removal efficiency of selenium was
substantially enhanced by either extending the HRT or increasing the attached biomass
using nutrient broth during the startup period. The fraction of Se(VI) reduced by
biological activities increased with the duration of the operation with up to 92% of
selenium removal achieved in the bioreactor after a 70-day operation period.
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CHAPTER 7.

SE(VI) REDUCTION BY CONTINUOUS-FLOW REACTORS PACKED WITH
SHIGELLA FERGUSONII STRAIN TB42616 IMMOBILIZED BY CA2+ALGINATE BEADS

7.1

Abstract

Selenium at high levels may cause a variety of adverse health effects on human
beings and endanger aquatic lives due to its toxicity. Selenate (Se(VI)) and selenite
(Se(IV)) are the two most soluble and mobile forms in water. Se(VI) reduction in
continuous-flow reactors packed with cells of Shigella fergusonii strain TB42616 (TB)
immobilized by Ca2+-alginate beads was investigated under various hydraulic retention
times (HRT) and influent Se(VI) concentrations. Removal efficiency up to 98.8% was
achieved after 96 days operation under an HRT of 5 days and an influent Se(VI)
concentration of 400 mg/L. The results also showed that the overall selenium removal
was affected by the HRT and the bed height of the reactor but not the influent Se(VI)
concentration. The steady-state data were analyzed using a mathematical model and
Monod-type kinetics. Biokinetic parameters of half-velocity constants (K1 of 298.15
mgSe(VI)/L and K2 of 50.21 mgSe(IV)/L) and maximum specific reduction rates (q1 of
2.56 mgSe(VI)/mgVSS-d and q2 of 0.51 mgSe(IV)/mgVSS-d) were optimized using
steady-state data obtained under a range of HRTs (0.73-5.0 days) at a constant influent
Se(VI) concentration of 50 mg/L. The model was validated using steady-state data
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obtained under influent Se(VI) concentrations ranging from 10 to 400 mg/L while
maintaining the HRT at 5.0 days. The relatively high correlation coefficients between
model calculated Se(VI) and Se(IV) concentrations and the experimental data indicate
that the model is robust and valid to predict the performance of the continuous-flow
bioreactor.

7.2

Introduction

Selenium is regulated by the National Primary Drinking Water Standards with a
maximum contaminant level of 0.05 mg/L (USEPA 2009). Although beneficial at low
dosage, selenium overdose may cause cytotoxicity, genotoxicity, and carcinogenesis to
human beings (Agency for Toxic Substances and Disease Registry 2003). Selenium at
high levels may also harm the aquatic biota, particularly oviparous vertebrates (Janz et al.
2010; Young et al. 2010). Its adverse effects on aquatic birds and fish include impaired
reproduction, cataracts, pathological alteration and deformities, anemia, histopathological
lesions, and reduced growth (Spallholz and Hoffman 2002; Lemly 2002b; Zwolak and
Zaporowska 2012). In addition, high concentrations of selenium can also aggravate the
toxicity of co-contaminants such as mercury and arsenic (Zwolak and Zaporowska 2012;
Bjørklund et al. 2017).
Selenate (Se(VI)) and selenite (Se(IV)) are the two major soluble selenium species
found in surface water (USEPA 2000). The mobilization and contamination of selenium
are mainly attributed to human activities such as mining, agriculture drainage, insecticide
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production, oil refining, fossil fuel combustion, and photocells manufacturing (Tan et al.
2016). Both Se(VI) and Se(IV) can be reduced by biological activities by serving as the
terminal electron acceptor to produce energy for bacterial growth (Nancharaiah and Lens
2015a). Biological reduction of Se(VI) was a two-stage process with a faster reduction
rate from Se(VI) to Se(IV) followed by slower reduction to insoluble Se(0), resulting in
accumulation of Se(IV) which is more toxic than Se(VI) (He and Yao 2010; Yuxia Ji and
Wang 2017b; T. Siddique et al. 2007; R S Oremland et al. 1989). Unlike Se(VI)
reduction that is catalyzed by a highly selective intracellular or membrane-bound
reductase (Ser) (Stolz et al. 2006), Se(IV) reduction can be conducted through different
pathways (Nancharaiah and Lens 2015b). Recent studies reported that biological
reduction of selenium can be achieved under methanogenic (Astratinei, van Hullebusch,
and Lens 2006), denitrifying (Subedi et al. 2017), sulfate-reducing (Luo et al. 2008), and
hydrogenotrophic (Zhao et al. 2018) conditions with a variety of electron donors such as
glucose (Yuxia Ji and Wang 2019), acetate (Macy, Lawson, and DeMoll-Decker 1993),
hydrogen (Van Ginkel et al. 2011), NADH, and NADPH (Khoei et al. 2017).
Selenium removal by biological processes has been demonstrated using constructed
wetland (Hansen et al. 1998), fluidized-bed reactor (FBR) (Macy, Lawson, and DeMollDecker 1993), continuous stirred-tank reactor (CSTR) (Fujita et al. 2002), and aerobic jar
fermenter (Kagami et al. 2013) with removal efficiencies ranged from 70%-99%.
However, little attention has been paid to Se(VI) reduction by bioreactors with
immobilized bacterial cells. Se(VI) removal by an H2-based membrane biofilm reactor
was reported by Chung et al. (2006) with a removal efficiency of 94% at low influent
Se(VI) levels up to 1 mg/L. More recently, Ji et al. (2019) reported the significant impact
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of immobilized biomass on selenium removal from influent concentration as high as 50
mg/L Se(VI) by an activated alumina packed bioreactor.
Alginate gel entrapment is a simple and effective strategy for cell immobilization due
to its large capacity for immobilized biomass. Bioremediation processes involving
immobilized bacterial cells using gel beads have been studied in recent years for Cr(VI)
reduction (Kathiravan et al. 2010), mercury bioaccumulation (Sinha and Khare 2012),
and Pb(II) biosorption (Xiangliang, Jianlong, and Daoyong 2005). All of these processes
demonstrated better removal efficiencies than suspended-cell systems mainly due to their
ability to retain large amounts of biomass and reduce cell loss from bioreactors. In this
study, Se(VI) reduction by an up-flow Ca2+-alginate beads packed bioreactor with
immobilized cells of a Se(VI)-reducing strain Shigella fergusonii TB42616 (TB) was
investigated under a range of influent Se(VI) concentrations and HRTs. The steady-state
data were analyzed by a mathematical model with Monod-type kinetics.

7.3

7.3.1

Materials and methods

Bacterial Strain

The Se(VI)-reducing strain TB was isolated in the laboratory from the mixed
liquor samples collected from an aeration basin at Town Branch Wastewater Treatment
Plant in Lexington, Kentucky as described in Section 3.3.2. The strain was identified as a
Shigella fergusonii strain using 16S rRNA sequencing conducted by Laragen Inc. (Culver
City, CA).
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7.3.2

Growth medium and synthetic wastewater

The nutrient broth medium was used as the growth media and prepared by dissolving
8 g nutrient broth powder (Becton Dickinson, Sparks, MD) into 1 L deionized water
while the synthetic wastewater consisted of 300 mg/L (NH4 )2 SO4, 500 mg/L

CaCl4 . 2H2 O, 70 mg/L MgSO4 , 5850 mg/L NaCl, 0.6 mg/L H3 BO4 , 0.08 mg/L CoSO4 ,

0.08 mg/L CuSO4 , 0.63 mg/L MnCl2 , 0.22 mg/L ZnCl2 and 3000 mg/L NaHCO3

supplemented with 1000 mg/L glucose and Se(VI) at desired concentrations, followed by
adjusting pH to 7±0.2 using 0.1 N NaOH. Both solutions were autoclaved at 121°C for 15
minutes prior to use and cooled at room temperature. All chemicals were purchased from
Fisher Scientific Inc., (Hampton, NH) except indicated otherwise.
7.3.3

Cell immobilization

TB cells were first grown aerobically for 16 hours in 500 mL nutrient broth at 30
°C, subsequently harvested by centrifugation (Sorvall RC-5B, Thermo Fisher Scientific,
Langenselbold, Germany) at 4000 g for 10 minutes, washed with 0.85% (w/v) NaCl three
times, and then resuspended into 50 mL of 0.85% (w/v) NaCl. Alginate gel beads with
immobilized cells were formed by dripping the mixture of cell suspension and 50 mL of
4% (w/v) sodium alginate into 500 mL of 2% (w/v) CaCl2 solution with subsequent
solidification for 2 hours according to Smidsrød and Skja˚k-Bræk (1990). The formed
beads were then rinsed with deionized water and preserved in 0.85% (w/v) NaCl at 4 °C
until use.
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7.3.4

Reactor system

The reactor system consisted of a 15.6 cm long and 2.8 cm internal diameter
plastic glass column packed with 2000 gel beads of approximate 0.4 cm in diameter as
shown in Figure 7.1. The reactor column was constructed with one influent port at the
bottom, one effluent port on the top and four sampling ports spaced evenly in-between.
The synthetic wastewater was fed to the reactor by a pre-calibrated double-headed
peristaltic pump (MasterFlex, Cole-Palmer Inst. Co., Niles, IL) from a feeding tank. All
tubings, tanks, and the reactor column were autoclaved at 121 °C for 15 minutes prior to
assembly under a biological safety cabinet (SterilCARD, The Baker Co., Inc., Sanford,
ME).
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Figure 7.1 Schematic of TB immobilized gel beads packed continuous-flow system.

7.3.5

Continuous-flow experiments

Two reactors (R1 and R2) were operated anaerobically over a range of hydraulic
retention times (HRT) and influent concentrations of Se(VI) under the optimal conditions
of 30±0.2°C and pH 7 for Se(VI) reduction by strain TB (Yuxia Ji and Wang 2018). The
operating conditions of R1 and R2 are summarized in Table 7.1. R1 was operated over
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four phases under different HRTs ranging from 0.73-5.0 days at a constant influent
Se(VI) concentration of 50 mg/L while R2 was operated under five influent Se(VI)
concentrations (10, 50, 100, 200, 400 mg/L) at a constant HRT of 5 days. Samples were
withdrawn at pre-determined intervals from the sampling ports with subsequent
centrifugation (5415 C Model, Eppendorf, Westbury, NY) at 8000 rpm, followed by
acidification with two drops of 1 M H2SO4 and preserved by freezing until analysis.
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Table 7.1 Summary of gel-beads-packed continuous-flow experimental protocol.
Reactor Phase
Duration, day
HRT, day Influent Se(VI) concentration, Se(VI) load,
mg/L
mgSe(VI)/day
I
21
5.00
50
0.96
R1
II
29
2.50
50
1.92
III
39
1.25
50
3.84
IV
14
0.73
50
6.58
I
21
5.00
10
0.19
II
21
5.00
50
1.96
R2
III
21
5.00
100
1.92
IV
18
5.00
200
3.84
V
15
5.00
400
7.68

pH

Temperature, °C

7±0.2
7±0.2
7±0.2
7±0.2
7±0.2
7±0.2
7±0.2
7±0.2
7±0.2

30±0.2
30±0.2
30±0.2
30±0.2
30±0.2
30±0.2
30±0.2
30±0.2
30±0.2

7.3.6

Electron microscopy imaging

Section images of the alginate gel beads were obtained using scanning electron
microscopy (SEM) (FEI Quanta 250, Thermo Fisher Scientific, Waltham, MA) with its
composition analyzed by energy-dispersive X-ray spectroscopy (EDX). SEM samples
were prepared by immersing the gel beads into a 4% glutaraldehyde solution for 4 hours,
rinsed with graded ethanol solutions (40, 55, 70, 85, 100%) each for 15 minutes, and then
preserved in a reagent bottle until imaging. Micrographs of TB cells after Se(VI)
reduction were obtained by transmission electron microscopy (TEM) (FEI Talos F200X,
Thermo Fisher Scientific, Waltham, MA) at a low voltage of 80 kV. Thin sections stained
with 2% (w/v) uranyl acetate were prepared using low-viscosity resin, subsequently
placed on copper mesh formvar carbon-coated grids until imaging (Ronald S. Oremland
et al. 2004).

7.3.7

Analytical method

Se(VI) and Se(IV) were determined by a spectrophotometer (AquaMate 7000,
Thermo Fisher Scientific, Waltham, MA) using the colorimetric method after reacting
with 2,3-diaminonaphthalene according to Section 3500-Se of the Standard Methods for
the Examination of Water and Wastewater (APHA 2017). Se(0) was measured using the
same method after oxidation to Se(IV) with concentrated HNO3. The viable cell density
was determined by a cell counter (Countess II, Life Technologies Corp., Bothell, WA)
after scissors shredding and immersing the gel beads into 4.3 g/L sodium citrate solution
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for 2 hours with pH adjusted to 7.0 using 0.1 N HCl (Smidsrød and Skja˚k-Bræk 1990).
The cell density was subsequently converted to volatile suspended solids (VSS)
according to a previously established calibration curve (Yuxia Ji and Wang 2018; Botros,
Hassan, and Sorial 2017).

7.3.8

Data analysis

Se(VI) removal was calculated by the discrepancy between influent and effluent
concentrations of Se(VI) while the overall selenium removal efficiency was determined
by the difference between the influent Se(VI) concentration and the effluent total soluble
selenium concentration (Se(VI)+Se(IV)). A mathematical model incorporating molecular
diffusion and the Monod kinetics was developed to analyze the experimental data
obtained from the gel beads packed continuous-flow reactors with the following
assumptions:
1. The gel beads were spherical and homogeneous.
2. Se(VI) was the limiting substrate.
3. Biological activities in the liquid phase can be ignored.
4. The effective diffusivities of Se(VI) and Se(IV) were not affected by the
immobilized biomass inside the gel beads.
5. The swelling effect of the gel beads was not significant.
6. Se(VI) and Se(IV) concentrations inside the gel beads varied only along the
radius.
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7. The flow characteristics of the reactor were the plug-flow type.
8. Biological activities of strain TB were not affected by the Ca2+-alginate matrices.
Therefore, the one-dimensional radial diffusion of Se(VI) or Se(IV) into spherical gel
beads can be described by the following equation according to the Fick’s second law:
𝜕𝜕𝑆𝑆𝑖𝑖,𝑔𝑔 (𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕

1 𝜕𝜕

= 𝑟𝑟 2 𝜕𝜕𝜕𝜕 �

𝑟𝑟 2 𝐷𝐷𝑢𝑢 𝜕𝜕𝑆𝑆𝑖𝑖,𝑔𝑔 (𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕

� = 𝐷𝐷𝑖𝑖,𝑔𝑔 (

𝜕𝜕2 𝑆𝑆𝑖𝑖,𝑔𝑔 (𝑟𝑟,𝑡𝑡)
𝜕𝜕𝜕𝜕 2

2 𝜕𝜕𝑆𝑆𝑖𝑖,𝑔𝑔 (𝑟𝑟,𝑡𝑡)

+ 𝑟𝑟

𝜕𝜕𝜕𝜕

)
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where 𝑆𝑆𝑖𝑖,𝑔𝑔 (𝑟𝑟, 𝑡𝑡) is the concentration of Se(VI) or Se(IV) inside the gel beads, mg/mL; r is
the length from a specific point inside the gel bead to the center, cm; Di,g is the effective

diffusion coefficient of Se(VI) or Se(IV) into the gel beads, cm2/day; t is the time, day.
The effective diffusion coefficient into the gel beads, Di,g, can be calculated by
Eq. 7-2 (Mateus, Alves, and Da Fonseca 1999):
(1−𝜑𝜑𝑔𝑔 )3

𝐷𝐷𝑖𝑖,𝑔𝑔 = 𝐷𝐷𝑖𝑖,𝑤𝑤 (1+𝜑𝜑

2
𝑔𝑔 )

7-2

where 𝐷𝐷𝑖𝑖,𝑔𝑔 is the effective diffusion coeffiecient of Se(VI) or Se(IV) in water, cm2/day;
𝜑𝜑𝑔𝑔 is the polymer volume fraction in the gel beads, cm3/cm3.

Using the Monod-type kinetic expression, the reaction rates of Se(VI) and
Se(IV) inside the gel beads at the steady state can be expressed as:
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𝑑𝑑2 𝑆𝑆1,𝑔𝑔 (𝑟𝑟)

𝐷𝐷𝑆𝑆1,𝑔𝑔 �
𝑑𝑑2 𝑆𝑆2,𝑔𝑔 (𝑟𝑟)

𝐷𝐷𝑆𝑆2,𝑔𝑔 �

𝑑𝑑𝑑𝑑 2

𝑑𝑑𝑑𝑑 2

2 𝑑𝑑𝑆𝑆1,𝑔𝑔 (𝑟𝑟)

+ 𝑟𝑟

2 𝑑𝑑𝑆𝑆2,𝑔𝑔 (𝑟𝑟)

+ 𝑟𝑟

𝑑𝑑𝑑𝑑

𝑞𝑞1 𝑆𝑆1,𝑔𝑔 (𝑟𝑟)

� + 𝐾𝐾

1 +𝑆𝑆1,𝑔𝑔

𝑞𝑞1 𝑆𝑆1,𝑔𝑔 (𝑟𝑟)

� − 𝐾𝐾

𝑑𝑑𝑑𝑑

1 +𝑆𝑆1,𝑔𝑔 (𝑟𝑟)

���
𝑋𝑋𝑔𝑔 = 0

𝑞𝑞2 𝑆𝑆2,𝑔𝑔 (𝑟𝑟)
���
���
𝑋𝑋
−
𝑋𝑋 = 0
𝑔𝑔
(𝑟𝑟)
𝐾𝐾 +𝑆𝑆 (𝑟𝑟) 𝑔𝑔
2

2,𝑔𝑔
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where 𝑆𝑆1,𝑔𝑔 (𝑟𝑟) and 𝑆𝑆2,𝑔𝑔 (𝑟𝑟) are concentrations of Se(VI) and Se(IV) along the radius
inside the gel beads, respectively, mg/mL; ���
𝑋𝑋𝑔𝑔 is the mean biomass concentration

inside the gel beads; 𝐷𝐷𝑆𝑆1 ,𝑔𝑔 and 𝐷𝐷𝑆𝑆2,𝑔𝑔 are the effective diffusion coeffiecients of Se(VI)

and Se(IV) in gel beads, cm2/day; 𝑞𝑞1 and 𝑞𝑞2 are the maximum specific reduction rates

of Se(VI) and Se(IV) reduction, mgSe/mgVSS-d; 𝐾𝐾1 and 𝐾𝐾2 are the Se(VI) and Se(IV)
half-velocity constants.

The mean immobilized biomass concentration, ���
𝑋𝑋𝑔𝑔 , in Eqs. 7-3 and 7-4 can be

expressed as:

𝑅𝑅

∫
���
𝑋𝑋𝑔𝑔 = 0

4𝜋𝜋𝑟𝑟 2 𝑋𝑋𝑔𝑔 (𝑟𝑟)𝑑𝑑𝑑𝑑
𝑅𝑅

∫0 4𝜋𝜋𝑟𝑟 2 𝑑𝑑𝑑𝑑

where 𝑋𝑋𝑔𝑔 (𝑟𝑟) is the biomass concentration along the radius inside the gel beads; R is
the radius of the gel beads, cm.

The mass balance of Se(VI) and Se(IV) in the reactor at the steady state can be
described by Eqs. 7-6 and 7-7:
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7-5

𝑑𝑑𝑆𝑆1,𝑏𝑏
𝑑𝑑𝑑𝑑

𝑑𝑑𝑆𝑆2,𝑏𝑏
𝑑𝑑𝑑𝑑

= 𝑟𝑟1

7-6

= 𝑟𝑟2

7-7

where 𝑆𝑆1,𝑏𝑏 and 𝑆𝑆2,𝑏𝑏 are the concentrations of Se(VI) and Se(IV) in the bulk liquid,
mg/mL; 𝜏𝜏 is the hydraulic retention time, day; 𝑟𝑟1 and 𝑟𝑟1 are the reduction rates of
Se(VI) and Se(IV) within the gel beads, mg/mL-day.

Since the tubular flow reactor can be regarded as an unlimited number of
continuous-stirred tank reactors in series (Fogler 2013), Eqs. 7-6 and 7-7 can be
converted into the following equations:
𝑛𝑛

�𝑆𝑆1,𝑏𝑏,𝑛𝑛 − 𝑆𝑆1,𝑏𝑏,𝑛𝑛+1 � − 𝑎𝑎 ∙ 𝐷𝐷𝑆𝑆1 ,𝑔𝑔 ∙
𝜏𝜏
𝑛𝑛
𝜏𝜏

𝑑𝑑𝑆𝑆1,𝑔𝑔,𝑛𝑛 (𝑟𝑟)

�𝑆𝑆2,𝑏𝑏,𝑛𝑛 − 𝑆𝑆2,𝑏𝑏,𝑛𝑛+1 � − 𝑎𝑎 ∙ 𝐷𝐷𝑆𝑆2 ,𝑔𝑔 ∙

𝑑𝑑𝑑𝑑

𝑑𝑑𝑆𝑆2,𝑔𝑔,𝑛𝑛 (𝑟𝑟)
𝑑𝑑𝑑𝑑

=0,

𝑛𝑛 → ∞
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= 0,

𝑛𝑛 → ∞

7-9

where 𝑆𝑆1,𝑏𝑏,𝑛𝑛 and 𝑆𝑆1,𝑏𝑏,𝑛𝑛+1 are the influent and effluent concentrations of Se(VI) from the
nth reactor; 𝑆𝑆2,𝑏𝑏,𝑛𝑛 and 𝑆𝑆2,𝑏𝑏,𝑛𝑛+1 are the influent and effluent concentrations of Se(IV)

from the nth reactor; 𝑆𝑆1,𝑔𝑔,𝑛𝑛 (𝑟𝑟) and 𝑆𝑆2,𝑔𝑔,𝑛𝑛 (𝑟𝑟) are the concentrations of Se(VI) and Se(IV)

in the nth reactor; a is the specific area of gel beads in the reactor (cm2/cm3). An n value
of 1000 was used in this study.

150

The specific area, a, can be calculated by Eq. 7-10:

𝑎𝑎 =

3(1−𝜀𝜀)
𝑅𝑅

3 𝑉𝑉𝑔𝑔

= 𝑅𝑅 𝑉𝑉 =
𝑅𝑅

4𝜋𝜋𝑅𝑅 2 ∙𝑁𝑁𝑔𝑔
𝑉𝑉𝑅𝑅

7-10

where 𝜀𝜀 is the bed porosity, cm3/cm3; 𝑉𝑉𝑔𝑔 and 𝑉𝑉𝑅𝑅 are the volumes of total gel beads and

the reactor, cm3; 𝑁𝑁𝑔𝑔 is the number of total gel beads.
The initial conditions can be expressed as:

IC1: 𝑆𝑆1,𝑏𝑏,0 = 𝑆𝑆1,𝑖𝑖𝑖𝑖
IC2: 𝑆𝑆2,𝑏𝑏,0 = 𝑆𝑆2,𝑖𝑖𝑖𝑖 = 0 mg/L

7-11
7-12

where 𝑆𝑆1,𝑖𝑖𝑖𝑖 and 𝑆𝑆2,𝑖𝑖𝑖𝑖 are the influent concentrations of Se(VI) and Se(IV), mg/mL.
The first boundary condition can be represented as the symmetry of the Se(VI) or
Se(IV) concentration with regard to the center of the gel bead:

BC1:

𝑑𝑑𝑆𝑆1,𝑔𝑔,𝑛𝑛 (𝑟𝑟)
𝑑𝑑𝑑𝑑

𝑑𝑑𝑆𝑆2,𝑔𝑔,𝑛𝑛 (𝑟𝑟)
𝑑𝑑𝑑𝑑

= 0,

𝑟𝑟 = 0

7-13

= 0,

𝑟𝑟 = 0

7-14
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The second boundary condition is based on the assumption that no liquid gradient
between the surfaces of the gel bead and the bulk liquid:
BC2: 𝑆𝑆1,𝑏𝑏,𝑛𝑛+1 = 𝑆𝑆1,𝑔𝑔,𝑛𝑛 (𝑟𝑟),

𝑟𝑟 = 𝑅𝑅
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𝑆𝑆2,𝑏𝑏,𝑛𝑛+1 = 𝑆𝑆2,𝑔𝑔,𝑛𝑛 (𝑟𝑟),

𝑟𝑟 = 𝑅𝑅
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Physical properties of the reactor are summarized in Table 7.2. The steady-state
operating conditions were defined when the measured Se(VI), Se(IV) and immobilized
biomass concentrations varied within 5%. The maximum specific reduction rates of q1,
and q2 as well as the half-velocity constants of K1 and K2 were optimized by the
Genetic Algorithm embedding in a computer program 1stOpt 6.0 (7D Soft High
Technology Inc. 2014) with a convergence criterion of |ε|≤10-10 using the steady-state
concentrations of Se(VI), Se(IV), and immobilized biomass from R1. The model was
subsequently validated using the steady-state data obtained from R2 by solving the
ordinary differential model equations (Eqs. 7-8 and 7-9) using the Runge-KuttaFehlberg Algorithm. A 4th-order polynomial ANOVA univariate analysis was also
conducted to investigate the correlation between the predicted overall removal and the
operating factors including HRT, reactor length, and influent Se(VI) concentration
using a computer software IBM SPSS Statistic 25 (Ho 2013). The steady-state biomass
concentrations at different bed heights were predicted by a logarithmic regression of
experimental data obtained at 0, 5.2, 10.4 and 15.4 cm. The correlation coefficients
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were also obtained to evaluate the goodness of the model fit using the equation below
(Wang and Zhang 2011):

𝑟𝑟 2 =

�)(𝑧𝑧𝑖𝑖 −𝑧𝑧̅ )]
[∑𝑛𝑛
𝑖𝑖=1(𝑦𝑦𝑖𝑖 −𝑦𝑦
2

2

2

∑𝑛𝑛
�) ∑𝑛𝑛
𝑖𝑖=1(𝑦𝑦𝑖𝑖 −𝑦𝑦
𝑖𝑖=1(𝑧𝑧𝑖𝑖 −𝑧𝑧̅ )
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where 𝑦𝑦� = ∑𝑛𝑛𝑖𝑖=1 𝑦𝑦𝑖𝑖 𝑧𝑧̅ = ∑𝑛𝑛𝑖𝑖=1 𝑧𝑧𝑖𝑖 ;

where r2 is the correlation coefficient; yi is the experimental data; zi is the predicted data.
The sensitivity of the optimized parameters on Se(VI) and Se(IV) concentrations was
analyzed according to Eq. 7-18:
𝑑𝑑𝑆𝑆𝑖𝑖′

𝑑𝑑𝑃𝑃𝑖𝑖

=

𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 +∆𝑃𝑃𝑖𝑖 )−𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 )
∆𝑃𝑃𝑖𝑖
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where 𝑃𝑃𝑖𝑖 : Optimized parameter; ∆𝑃𝑃𝑖𝑖 : Small variation of the parameter; 𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 ): Simulated
concentration based on 𝑃𝑃𝑖𝑖 ; 𝑆𝑆𝑖𝑖′ (𝑃𝑃𝑖𝑖 + ∆𝑃𝑃𝑖𝑖 ): Simulated concentration based on 𝑃𝑃𝑖𝑖 + ∆𝑃𝑃𝑖𝑖 .
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Table 7.2 Summary of physical properties of bioreactors.
Property
Description
VR, cm3
Volume
R, cm
Radius
H, cm
Bed height
ε, cm3/cm3
Porosity
Vg, cm3
Volume
2
Diffusion coefficient of Se(VI) in water
𝐷𝐷𝑆𝑆1,𝑤𝑤 , cm /day
2
Effective diffusivity of Se(VI) in gel beads
𝐷𝐷𝑆𝑆1,𝑔𝑔 , cm /day
2
Diffusion coefficient of Se(IV) in water
𝐷𝐷𝑆𝑆2,𝑤𝑤 , cm /day
2
Effective diffusivity of Se(IV) in gel beads
𝐷𝐷𝑆𝑆2,𝑔𝑔 , cm /day
3
3
φ, cm /cm
Polymer volume fraction in the gel beads
a

b

Value obtained from the CRC Handbook of Chemistry and Physics (Rumble 2018).
Value reported by Vlaev and Genieva (2004).

7.4

Value
96
1.4
15.6
0.302
66.99
0.871a
0.788
0.847b
0.766
0.2

Results and discussion

7.4.1

Effect of HRT on Se(VI) reduction

The effect of HRT on Se(VI) reduction by the immobilized cells of strain TB was
investigated using reactor R1 over Phases I-IV by a stepwise reduction of the HRT from
5 to 0.73 days at a constant influent Se(VI) concentration of 50 mg/L. The results shown
in Figure 7.2 and Table 7.3 indicate that both Se(VI) and Se(IV) reduction were
significantly affected by the HRT. Effluent steady-state concentrations of Se(VI) (H=15.6
cm) were 0.609±0.006, 4.490±0.052,0 14.975±0.110, and 21.848±0.275 mg/L
corresponding to removal efficiencies of 98.78%, 91.02%, 70.05%, and 56.30% under
HRTs of 5, 2.5, 1.25, and 0.73 days, respectively, indicating a significant decrease in
Se(VI) removal by reducing the HRT.
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Although the effluent Se(IV) concentration was low even under the lowest HRT of
0.73 days (<1.5 mg/L), the effect of HRT on Se(IV) reduction was also observed as
Se(IV) concentrations increased at different bed heights with decreasing HRTs (Figure
7.2(b)). Effluent steady-state concentrations of Se(IV) were detected as 0.054±0.001,
0.314±0.005, 1.093±0.012, and 1.302±0.028 mg/L for Phases I-IV, respectively (Table
7.3).
Significant increase in the effluent concentration of Se(0), formed from Se(IV)
reduction, was observed during phase transitions except from Phase III to Phase IV
(Figure 7.2(b)), possibly due to the increased Se(VI) load due to reduced HRTs.
However, effluent concentration of Se(0) decreased substantially during Phase IV
corresponding to the shortest HRT of 0.73 days.
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Figure 7.2 Se(VI) concentration (a), Se(IV) concentration (b), selenium mass balance
(c), and measured immobilized biomass (d) in R1.
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Table 7.3 Summary of steady-state performance and model prediction.
Reactor
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Height,
cm
5.2
I
10.4
15.6
5.2
II
10.4
15.6
R1
5.2
III
10.4
15.6
5.2
IV
10.4
15.6
5.2
I
10.4
15.6
5.2
II
10.4
15.6
5.2
R2
III
10.4
15.6
5.2
IV
10.4
15.6
5.2
V
10.4
15.6
a
Se(VI) removal efficiency
b

Phase

Experimental steady-state data
Se(VI), mg/L
Se(IV), mg/L
12.012±0.053 (75.98%)a 0.817±0.015 (74.34%)b
2.521±0.006 (94.96%) a
0.175±0.002 (94.61%) b
a
0.609±0.006 (98.78%)
0.054±0.001 (98.67%) b
a
22.951±0.293 (54.10%)
1.553±0.004 (50.99%) b
a
10.897±0.105 (78.21%)
0.679±0.005 (76.85%) b
a
4.490±0.052 (91.02%)
0.314±0.005 (90.39%) b
a
34.829±0.295 (30.34%)
2.345±0.051 (25.65%) b
a
20.503±0.400 (59.99%)
1.301±0.022 (56.39%) b
a
14.975±0.110 (70.05%)
1.093±0.012 (67.86%) b
a
40.122±0.084 (19.76%)
2.455±0.015 (14.85%) b
a
30.833±0.154 (38.33%)
1.765±0.024 (34.80%) b
a
21.848±0.275 (56.30%)
1.302±0.028 (53.70%) b
a
2.482±0.021 (75.18%)
0.181±0.003 (73.37%) b
a
0.651±0.022 (93.49%)
0.045±0.002 (93.04%) b
a
0.190±0.015 (98.10%)
0.012±0.001 (97.98%) b
a
13.600±0.694 (72.80%)
0.876±0.021 (71.05%) b
a
3.425±0.253 (93.15%)
0.206±0.005 (92.74%) b
a
0.798±0.078 (98.40%)
0.062±0.002 (98.28%) b
a
23.241±0.541 (76.76%)
1.663±0.009 (75.10%) b
a
5.726±0.153 (94.27%)
0.366±0.006 (93.91%) b
a
1.301±0.059 (98.70%)
0.097±0.016 (98.60%) b
a
44.530±0.961 (77.74%)
3.253±0.095 (76.11%) b
a
10.208±0.397 (94.90%)
0.642±0.009 (94.58%) b
a
2.700±0.195 (98.65%)
0.135±0.003 (98.58%) b
a
87.782±1.019 (78.05%)
6.264±0.120 (76.49%) b
a
22.302±0.740 (94.42%)
1.170±0.060 (94.13%) b
a
6.274±0.281 (98.43%)
0.234±0.008 (98.37%) b

Overall selenium removal efficiency

Predicted steady-state data
Se(VI), mg/L Se(IV), mg/L
11.122
0.758
2.456
0.165
0.542
0.036
21.957
1.482
9.600
0.637
4.190
0.275
32.611
2.179
21.231
0.144
13.806
0.923
38.578
2.377
29.742
1.979
22.915
1.519
2.446
0.170
0.601
0.039
0.149
0.009
12.235
0.824
3.058
0.187
0.763
0.057
21.781
1.518
5.046
0.326
1.202
0.071
42.297
3.099
9.645
0.622
2.390
0.130
86.431
6.186
21.010
1.094
5.218
0.217

R2 of Se(VI)
concentration
0.97
0.99
0.96
0.98
0.97
0.98
0.97
0.98
0.97
0.98
0.98
0.97
0.98
0.98
0.94
0.98
0.98
0.98
0.97
0.97
0.95
0.99
0.98
0.97
0.99
0.98
0.96

R2 of Se(IV)
concentration
0.98
0.99
0.96
0.98
0.98
0.98
0.97
0.97
0.96
0.98
0.96
0.96
0.95
0.95
0.95
0.99
0.96
0.95
0.98
0.99
0.97
0.97
0.99
0.97
0.99
0.99
0.99

The selenium mass balance over the entire volume of R1 showed that the difference
between cumulative effluent Se(VI) and cumulative effluent total soluble selenium
(Se(VI)+Se(IV)) was insignificant (Figure 7.2(c)), suggesting that Se(IV) accumulation
in the reactor was insignificant. The difference between cumulative influent Se(VI) and
cumulative effluent total selenium (Se(VI)+Se(IV)+Se(0)), on the other hand, increased
with the duration of operation, suggesting that Se(0) formed from Se(IV) reduction was
mostly retained in the reactor instead of being carried over with the effluent flow. This
observation was consistent with the TEM micrographs that granular Se(0) nanoparticles
formed from Se(IV) reduction were found both inside and outside of TB cells in the
beads (Figure 7.3). The TEM result also agreed with Oremland et al.’s (2004) report that
granular Se(0) particles were observed both intracellularly and extracellularly. Thus, the
extracellular Se(0) formed from Se(IV) reduction was mainly retained inside Ca2+alginate matrices rather than diffused into the bulk liquid. The EDX analysis also
indicates that about 0.5% Se(0) was detected inside the gel beads rather than on the
surface at the end of Phase II (Table 7.4).
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(a)

(b)
Figure 7.3 TEM images of gel beads showing selenium nanoparticles inside (a) and
outside (b) of TB cells.
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Table 7.4 EDX results of gel beads in R1 before the operation and at the end of
Phase II.
Element
Fresh gel beads
Gel beads after Phase II in R1
Surface
Section
Carbon
42.58%
47.74%
42.24%
Oxygen
52.03%
47.18%
54.40%
Calcium
10.16%
5.08%
5.08%
Selenium
0.00%
0.00%
0.56%

7.4.2

Effect of influent Se(VI) concentration on Se(VI) reduction

The effect of the influent Se(VI) concentration on Se(VI) reduction was
investigated with reactor R2 over Phases I-V by a stepwise increase in influent Se(VI)
concentrations from 10 to 400 mg/L while HRT was maintained at 5 days. As shown in
Figures 7.4(a) and 7.4(b), both effluent concentrations of Se(VI) and Se(IV) (H=15.6 cm)
remained at very low levels (<6 mg/L) and they were not affected by the influent Se(VI)
concentrations. Steady-state overall selenium removal efficiencies were observed as
97.98%, 98.28%, 98.60%, 98.58% and 98.37% for Phases I, II, III, IV, and V,
respectively (Table 7.3). Thus, the HRT of 5 days was sufficient to achieve a relatively
high removal efficiency under a Se(VI) load up to 7.68 mgSe(VI)/day. The effluent Se(0)
concentration, on the other hand, increased during phase transitions as a result of the
accelerated Se(VI) reduction due to the increased Se(VI) load. The result of selenium
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mass balance analysis shown in Figure 7.4(c) indicates that the difference between the
cumulative influent Se(VI) and the cumulative effluent total soluble selenium
(Se(VI)+Se(IV)) increased with operation duration. Also, a substantial difference
between the cumulative influent Se(VI) and the cumulative total selenium
(Se(VI)+Se(IV)+Se(0)) was noted, suggesting that significant amount of Se(0) formed
from Se(VI) reduction was retained in the reactor.
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Figure 7.4 Se(VI) concentration (a), Se(IV) concentration (b), selenium mass balance
(c), and measured immobilized biomass (d) in R2.
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7.4.3

Effect of bed height on Se(VI) reduction

The data in Figures 7.2(a) and 7.2(b) also show that both Se(VI) and Se(IV)
concentrations in R1 decreased with the bed height throughout the operation. However,
increases in Se(VI) concentration at the lower (H= 5.2 cm) and mid-bed heights (H=10.4
cm) were noted during phase transitions (Figure 7.2(a)). The location for the highest
Se(VI) concentration increase was observed at the bed height of 5.2 cm during the
transition from Phase I to Phase II as compared to 10.4 cm from Phase II to Phase III and
15.6 cm from Phase III to Phase IV indicating the requirement of longer bed height for
Se(VI) reduction under decreased HRTs. However, Se(IV) concentrations increased
substantially corresponding to Se(VI) reduction at the mid-bed height (H=10.4 cm)
during phase transitions while increases in Se(IV) concentrations at lower bed height
(H=5.2 cm) were not observed from Phase III to Phase IV (Figure 7.2(b)). This
observation may be attributed to the inadequate HRT (0.73 days) for Se(VI) reduction at
the lower bed height under the Se(VI) load of 6.58 mgSe(VI)/day.
Increases in both concentrations of Se(VI) and Se(IV) in reactor R2 were also
observed during phase transitions at the lower bed height of 5.2 cm (Figures 7.4(a) and
7.4(b)), indicating that Se(VI) reduction was significantly affected by influent Se(VI)
concentrations at the lower bed of the reactor. However, neither concentration varied
significantly at the mid-bed height (H=10.4 cm), suggesting the requirement of a longer
bed height for Se(VI) reduction.
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Although Se(VI) load increased in both reactors, the different concentration profiles
of Se(VI) and Se(IV) at lower and mid-bed heights of R1 and R2 indicated that the effect
of HRT on Se(VI) reduction was more significant than influent Se(VI) concentration. The
reduced HRT in R1 during phase transitions may affect not only the biological reaction
but also Se(VI) and Se(IV) diffusions inside the gel beads. The increases of influent
Se(VI) concentration to R2, however, may accelerate both biological activities for
selenium reduction and diffusion.
7.4.4

Growth potential

The immobilized biomass concentrations shown in Figures 7.2(d) and 7.4(d)
indicate that TB cells in both R1 and R2 decreased during Phase I regardless of the bed
height. However, TB cells in R1 started to grow over the subsequent phases
corresponding to increased Se(VI) load due to reduction in HRT. In addition, SEM
images of the gel bead obtained from R1 at the end of operation also illustrated
significant biomass growth (Figure 7.5). Cell growth in R2, on the other hand, was
observed only at the lower (H=5.2 cm) and mid-bed heights (H=10.4 cm), indicating that
most of Se(VI) was reduced near the influent port regardless of the increased Se(VI) load
due to increase in influent Se(VI) concentration.
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(a)

(b)
Figure 7.5 SEM images of the gel beads sections in R1 after Phase I (a) and at the
end of the experiment (b).
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7.4.5

Continuous-flow reactor data analysis

The steady-state data obtained from R1 shown in Figure 7.2 and Table 7.3 were
used to optimize the parameters of K1, K2, q1, and q2 using Eqs. 7-8 and 7-9 by the
Genetic Algorithm built in a computer program 1stOpt 6.0 (7D Soft High Technology
Inc. 2014). Table 7.5 summarizes the optimized biokinetic parameters while the model
calculated Se(VI) and Se(IV) concentrations were also shown in Table 7.3 along with the
experimental data. The goodness of the model fit was indicated by the relatively high
correlation coefficients (R2> 0.96). The data in Tables 7.1 and 7.3 clearly showed that
steady-state concentrations of both Se(VI) and Se(IV) in the effluent from R1 increased
with Se(VI) load due to decreased HRT.

Table 7.5 Summary of optimized biokinetic parameters.
Parameter
Description
Value
K1, mgSe(VI)/L
Se(VI) half-velocity constant
298.15±55.10
K2, mgSe(IV)/L
Se(IV) half-velocity constant
50.21±15.21
q1, mgSe(VI)/mgVSS-d Maximum specific Se(VI) reduction rate
2.56±0.12
q2, mgSe(IV)/mgVSS-d Maximum specific Se(IV) reduction rate
0.51±0.03

The developed model with the optimized biokinetic parameter was validated using
the steady-state data obtained from R2. The results in Table 7.5 indicate that the model
was able to predict the steady-state performance of R2 with high correlation coefficients
R2 ( ≥0.94). Predicted steady-state Se(VI) concentrations in R2 at the bed height greater
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than 10.4 cm remained at very low levels and was not affected by the influent Se(VI)
concentration. However, increases in Se(VI) concentration were observed at the lower
bed height of 5.2 cm during phase transitions. This observation may be attributed to the
insufficient HRT for Se(VI) reduction. In addition, the low observed and predicted
steady-state Se(IV) concentrations at different bed heights over all phases indicate that
Se(IV) formed from Se(VI) reduction was largely reduced to Se(0) inside the gel beads
rather than diffused into the bulk liquid.
In order to further analyze the effect of operating factors of HRT, reactor length, and
influent Se(VI) concentrations on overall selenium removal, concentration profiles of
soluble selenium (Se(VI)+Se(IV)) and corresponding removal efficiencies of R1 and R2
along with the bed height were calculated using the developed model and shown in
Figure 7.6. The results indicate that the soluble selenium concentration in both R1 and R2
decreased with the bed height, resulting in increased overall selenium removal efficiency.
Figure 7.6(a) also shows that the overall selenium removal of R1 was not only related to
the bed height but also positively correlated to the HRT. However, the effect of influent
Se(VI) concentration on overall selenium removal efficiency was not observed for R2
(Figure 7.6(b)). These results were also consistent with the ANOVA univariate analysis
that significant correlations were noted between the overall selenium removal efficiency
and the bed height (P=0.963) as well as the HRT (P=0.963) but not with the influent
Se(VI) concentration (P=0.00). Therefore, an empirical expression of selenium removal
efficiency can be expressed as a function of the bed height and HRT below:
𝜂𝜂 = (−0.523 + 𝐻𝐻 −0.120 ∙ 𝜏𝜏 −0.132 ) × (0.236𝐻𝐻 ∙ 𝜏𝜏) − 0.107
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7-19

where 𝜂𝜂 is the overall selenium removal efficiency.

Eq. 7-19 provides a simple estimate of the removal efficiency at a given bed height and
HRT with a correlation coefficient R2 of 0.997. In addition, this expression also
illustrates that the reactor length may be more important than the HRT for the overall
selenium removal due to its larger exponent of -0.120 compared to -0.132 shown in Eq.
7-19.
Sensitivity analysis of the optimized parameters on steady-state Se(VI) and Se(IV)
concentrations shown in Figure 7.7 indicates that the maximum reduction Se(VI)
reduction rate, q1, is the most sensitive parameter while parameters of K2 and q2 were
largely insensitive (Figure 7.6(a)). The Se(IV) concentration, on the other hand, is most
sensitive to the maximum Se(IV) reduction rate of q2 (Figure 7.6(b)). In addition,
parameters of q1, K1, and K2 may also affect Se(IV) concentration though not as sensitive
as q2.
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Figure 7.6 Se(VI)+Se(IV) concentration and the corresponding overall selenium
removal versus the bed height in R1 (a), and R2 (b).
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7.4.6

Discussion

Theoretically, a glucose concentration of 355.9 mg/L will be needed as the
electron donor for the reduction of the highest influent Se(VI) concentration of 400 mg/L
used in this study (Yuxia Ji and Wang 2019). Therefore, the added glucose of 1000 mg/L
in the synthetic wastewater is sufficient for complete Se(VI) reduction to Se(0). Thus,
Se(VI) rather than glucose was assumed to be the limiting substrate during biological
reduction of Se(VI) in this study.
The biomass concentration in the liquid phase was detected at below 103 cells/mL
which was significantly lower than the immobilized biomass (≥7.07×107 cells/mL).
Therefore, both cell loss from gel beads and Se(VI) reduction activities in bulk liquid
were ignored in the analysis. Additionally, the model analysis was simplified by using the
mean biomass concentration inside the gel beads.
The swelling effect of the gel beads was attributed to the diffusion of water as
reported by previous studies (Bajpai and Sharma 2004). Although bead swelling was
observed in this study, the extent was estimated to be 10%-15% while the error on
predicting selenium concentrations by ignoring the swelling effect was estimated to be
less than 10%. Thus, the effect of bead swelling was not considered in the model
analysis.
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The effective diffusivities of Se(VI) and Se(IV) inside the gel beads were
assumed not affected by the biomass inside the gel beads. Using the factor (1 − 𝑋𝑋

𝑋𝑋

𝑚𝑚𝑚𝑚𝑚𝑚

proposed by Gooijer et al. (1991), the effect of immobilized biomass on the effective

)

diffusivity of selenium was calculated to be less than 3% where X and Xmax are the
biomass and the maximum attainable biomass in the support matrix, respectively, and by
using a value of X ≤ 27.2 mg/mL from this study as well as an Xmax value of 950 mg/mL
reported before (Gooijer, Wijffels, and Tramper 1991). Therefore, the effective diffusion
coefficients of Se(VI) and Se(IV) are assumed to be constants in this analysis.
Although Se(IV) accumulation was observed in biological processes before
(Yuxia Ji and Wang 2019), no significant accumulation of the more toxic Se(IV) was
observed with both R1 and R2 over the entire operation. The Se(IV) formed from Se(VI)
was more likely to be retained inside the gel beads rather than diffused into the bulk
liquid possibly due to its decreased effective diffusivity inside the gel beads (Table 7.2),
and thus effectively reduced to Se(0) by the immobilized TB cells.
The Se(VI) half-velocity constant K1 (298.15 mgSe(VI)/L) was significantly
higher than the Se(IV) half-velocity constant K2 (50.21 mgSe(IV)/L), suggesting that
stronger affinity of Se(VI) reductase than Se(IV) reductase in TB cells. This result may
be attributed to the uniqueness and selectivity of the Se(VI) reductase rather than the
Se(IV) reductase (Stolz et al. 2006).
The nanoparticles Se(0) formed from Se(IV) reduction in both reactors were mainly
retained in gel beads rather than suspended in the bulk liquid. Since Se(0) is easier to be
recovered than soluble species of Se(VI) and Se(IV) (Kilic, Kartal, and Timur 2013), the
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potential for selenium recovery from the gel beads packed bioreactor exists and may be
evaluated further in future studies.

7.4.7

Conclusions

The performance of Se(VI) reduction was investigated in Ca2+-alginate beads
packed continuous-flow reactors immobilized with TB cells under various Se(VI)
loadings by either adjusting HRT or the influent Se(VI) concentration. Se(VI) removal
efficiency ranged from 53.70%-98.67% under nine steady states. The mass balance
analysis showed that most of the Se(0) formed from Se(VI) reduction was largely
retained in the gel beads. The predicted steady-state concentrations by the mathematical
model with the optimized parameters (K1, K2, q1, and q2) agreed well with the steady-state
data in both reactors with relatively high correlation coefficients. The maximum specific
Se(VI) reduction rate q1 was the most sensitive parameter to Se(VI) concentration while
the sensitivity of q2 exhibited the highest significance to Se(IV) concentration. The
efficiency for selenium removal by the bioreactor was positively correlated to HRT and
reactor length but not with the influent Se(VI) concentration.
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CHAPTER 8.

ENGINEERING SIGNIFICANCE AND FUTURE WORK

8.1

Engineering significance

Biological reduction of selenium offers an attractive alternative for selenium
control other than the conventional physical and chemical processes due to its low
operation cost. Also, the terminal product of Se(VI) reduction, Se(0), is insoluble and
easy to be separated from the aqueous phase, thus presenting a possible solution for
selenium recovery. Although selenium reduction has been studied for years, Se(IV)
accumulation formed from biological reduction of Se(VI) was underestimated. The
primary goal of this thesis is to reduce and eliminate the accumulation of the more toxic
Se(IV) accumulation during biological reduction of Se(VI). Results obtained in this study
demonstrated the potential of Se(VI) reduction with low Se(IV) cumulation using a
defined co-culture of strain TB and strain EWB in batch reactors. The results also
demonstrated the potential for Se(VI) removal by immobilized cells of strain TB using
either AIAA beads or Ca2+-alginate gel beads in continuous-flow reactors.
At high influent levels of Se(VI), physical and chemical processes may not be
feasible due to the high operation cost and selenium removal capacity. The packed-bed
bioreactors may be designated to treat industrial wastewater where the influent Se(VI)
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concentration is commonly high. In-situ treatment of selenium-contaminated
groundwater may be achieved by introducing the selenium-reducing bacteria into aquifers
via injection wells. However, the biological processes proposed in this thesis may require
a secondary treatment as external carbon sources need to be added resulting in an
increase in BOD in water.
The mathematical model established in this study further provides a useful tool for
the prediction of the reactor performance and selenium removal capacity. In addition, the
optimal bacterial composition to achieve the highest selenium reduction rate can also be
estimated by the model. Therefore, the risk of the more toxic Se(IV) accumulation can be
significantly decreased. This thesis helps to improve the knowledge for practical
application and may serve as a reference for industrial selenium removal under high
loadings.

8.2

Future Work

This work represents an innovative effort to investigate selenium reduction by pure
cultures and a defined co-culture in batch and continuous-flow reactors. To better
understand biological reduction of selenium and make full use of these systems in
practice, further studies may be required in the following areas:
1. Investigation of biological reduction of selenium in different types of real
wastewater.
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2. Investigation biological reduction of selenium using the inorganic electron
donors.
3. Evaluate the potential for simultaneous removal of selenium and organic
pollutants by biological activities.
4. Develop a kinetic model with regard to Se(VI) removal by continuous-flow
reactors packed with alum-impregnated activated alumina.
5. Evaluate the potential for Se(VI) removal using immobilized cells of TB and
EWB in bioreactors.
6. Develop a structured kinetic model to better describe Se(VI) reduction by the
defined co-culture.
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APPENDIX A: SELENATE STOICHIOMETRY

Rd :

1
1
1
→ H 2O + H + + e −
C6 H12O6 + H 2O 
4
4
24

Rc :

1
9
1
1
1
C5 H 7O2 N +
H 2O 
HCO3− +
NH 4+ + H + + e −
→ CO2 +
20
20
5
20
20

1
2
1
4
Ra : Se + H 2O 
→ SeO42− + H + + e −
6
3
6
3
∆Gao ' = 20.21kcal / e − ; ∆Gdo ' = −10kcal / e − ; ∆Gco ' = 7.5kcal / e − ; ∆GNo ' = 0kcal / e − ;
o'
∆G pyr
= −8.557kcal / e − ; ∆Gcso ' = −10kcal / e −

o'
= −1.45kcal / e −
∆Gro ' = ∆Gdo ' − ∆Gao ' = −30.21kcal / e − ; ∆G po ' = ∆Gcso ' − ∆G pyr

o'
∆GNo ' ∆G p
∆G +
+
K
K ⋅ m = 7.5 − 1.45 × 0.6 = 0.366
A=
o'
30.21× 0.6
∆Gr ⋅ K
o'
c

fs =

1
= 0.732 ; f e = 1 − f s = 0.268
1+ A

Rd : 0.417C6 H12O6 + 0.25 H 2O 
→ 0.25 H 2O + H + + e −

−𝑓𝑓𝑠𝑠 ∙ 𝑅𝑅𝑐𝑐 : 0.1464𝐶𝐶𝐶𝐶2 + 0.0366𝐻𝐻𝐻𝐻𝐻𝐻3− + 0.0366𝑁𝑁𝑁𝑁4+ + 0.732𝐻𝐻 + + 0.732𝑒𝑒 −
→ 0.366𝐶𝐶5 𝐻𝐻7 𝑂𝑂2 𝑁𝑁 + 0.3294𝐻𝐻2 𝑂𝑂

→ 0.0447 Se + 0.1787 H 2O
− f e ⋅ Ra : 0.0447 SeO42− + 0.357 H + + 0.268e − 
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Stoichiometry: 0.0417C6 H12O6 ~ 0.0447 SeO42−
For 500 mg/L glucose:

m( SeO42− ) =

500
×188.94 = 524.83mg / L
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APPENDIX B: SELENIUM ANALYTICAL CALIBRATION CURVE
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Figure S1 Se(IV) calibration curve.
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Selenate standard curve
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Figure S2 Se(VI) calibration curve.
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